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SECTION  I 


INTRODUCTION  AND  EXECUTIVE  SUMMARY 

To  predict  the  propagation  disturbance  on  Department  of  Defense  (DoD) 
satellite  communication  and  surveillance  channels,  the  spectrum  of  plasma 
density  fluctuations  along  the  ray  path  must  be  known.  At  any  given  time, 
this  spectrum  constitutes  a  balance  between  the  strengths  and  scale-size 
dependencies  of  the  structure's  driving  and  dissipative  mechanisms.  The 
physical  processes  that  produce  or  erode  plasma  structure  in  both  natur¬ 
ally  occurring  and  nuclear-produced  plasma  at  late  times  are  the  same.  Of 
course,  the  magnitude  of  the  driving  forces  and  the  plasma  densities  them¬ 
selves  are  much  larger  in  the  nuclear  case.  Nevertheless,  a  thorough 
understanding  of  the  balance  between  sources  and  sinks  of  naturally  occur¬ 
ring  plasma  structure  can  lead  to  extrapolations  appropriate  for  nuclear 
conditions. 

In  addition  to  being  a  natural  analog  of  the  nuclear  environment, 
high-latitude  ionospheric  structure  degrades  DoD  satellite  systems  in 
strategically  important  geographic  regions.  For  this  reason,  a  long-term 
DoD  goal  is  to  develop  a  predictive  capability  for  high-latitude  iono¬ 
spheric  structure  and  its  effects  on  rf  propagation.  Improved  theoretical 
modelling  focussed  on  the  data  being  collected  by  the  DNA  HILAT  satellite 
and  ground-based  observatories  is  making  substantial  progress  toward  this 
goal. 

The  study  of  ionospheric  plasma  structure  and  high-latitude  dynamics 
is  a  rapidly  evolving  field.  The  progress  being  made  is  in  large  part  a 
result  of  the  conscious  interaction  between  theory,  experiment,  and  inno¬ 
vative  data  analysis  techniques.  Blending  of  the  diverse,  but  complemen¬ 
tary,  expertise  that  is  required  for  progress  in  this  area  is  illustrated 
in  this  report. 


13 


Despite  the  variety  of  physical  processes  that  contribute  to  the 
irregularity  spectrum  that  we  ultimately  observe,  we  have  found  that  the 
framework  that  we  proposed  earlier  for  structure  morphology  is  still 
applicable.  That  framework  consists  of  accurately  specifying  (1)  the 
source  of  plasma  structure,  (2)  the  lifetime  of  structure  once  produced, 
and  (3)  where  structure  convects  to  during  its  lifetime.  This  report  is 
organized  along  these  same  lines.  In  Section  II,  we  show  that  important 
sources  of  high-latitude  F-layer  plasma  are  directly  tied  to  the  convec¬ 
tion  pattern.  For  example,  enhanced  electron  densities  and  soft  auroral 
arcs  are  consistently  seen  at  the  afternoon-sector  convection-reversal 
boundary  where  the  magnetospheric  electric  field  converges.  We  also  point 
out  that  solar-produced  plasma  convected  from  lower  latitudes  is  an  impor¬ 
tant  source  of  polar-cap  ionization.  This  fact  suggests  seasonal  varia¬ 
tions  in  polar-cap  morphology,  which  have  been  borne  out  in  the  HILAT 
observations. 

In  Section  II,  we  also  examine  the  precipitation-source  function  in 
the  nighttime  auroral  oval.  We  show  that  a  precipitation-source  function 
coincident  with  the  upward  field-aligned  current  pattern  at  the  Harang 
discontinuity  is  required  to  reproduce  Chatanika  radar  observations.  This 
modelling  effort  also  shows  that  plasma  structuring  and  steepening  is  a 
natural  consequence  of  incompressible  convection — even  m  a  well-behaved 
potential  pattern. 

The  HILAT  program  is  especially  well  suited  for  hypothesis  testing 
because,  in  addition  to  measuring  the  forces  that  produce  plasma  struc¬ 
ture,  the  structure  itself  is  diagnosed.  The  growing  data  base  of  scin¬ 
tillation  statistics  provided  by  HILAT  is  the  "answer"  against  which 
predictive  models  will  eventually  be  tested.  A  summary  of  some  spectral 
characteristics  that  survive  averaging  over  diverse  magnetic  conditions  is 
presented  in  Section  II.  More  restrictive  sorting  techniques  that  are 
tied  to  magnetospheric  boundaries  are  currently  being  developed  and  will 
be  reported  elsewhere. 

The  possibility  of  producing  structure  in  plasma  density  by  a  struc¬ 
tured  convection-velocity  field  has  been  recognized  for  some  time.  It  has 
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only  been  through  innovative  analysis  of  HILAT  observations,  however,  that 
velocity  structure  has  been  quantitatively  assessed  and  appreciated  as  an 
important  source  of  high-latitude  irregularities.  Some  preliminary  quan¬ 
titative  observations  are  presented  in  Section  III. 

Any  credible,  predictive  physical  model  of  solar-wind  magnetosphere- 
ionosphere  interaction  must  accurately  represent  the  interchange  of  energy 
at  various  scale-size  regimes.  This  implies  that  the  current-voltage 
relationships  of  the  magnetosphere-ionosphere  circuit  are  properly  ac¬ 
counted  for.  In  Section  III,  we  present  observations  showing  that  these 
electrodynamic  relationships  are  a  function  of  scale  size.  Statistical 
radar  observations  imply  that  at  global  scale  sizes  the  cross-polar  cap 
potential  and  total  dissipative  ionospheric  current  are  linearly  related. 
At  smaller  scales  (tens  of  km),  however,  HILAT  observations  indicate  that 
the  magnetosphere  behaves  more  like  a  constant  current  source;  magneto¬ 
meter  fluctuation  levels  are  nearly  independent  of  season  and  hence,  of 
ionospheric  conductivity.  This  fundamental  property  of  the  magnetosphere 
discovered  by  HILAT,  has  dramatic  implications  for  the  production  of 
velocity  and,  ultimately,  density  structure.  For  example,  to  preserve 
divergence-free  current  flow  everywhere,  we  might  expect  the  velocity 
field  structure  to  be  enhanced  in  the  lower  conducting  winter  hemisphere. 
This  tendency  is  very  striking  in  the  observations  presented  in  Section 
III. A.  In  Section  III.B,  we  review  the  results  of  some  recent  experiments 
that  address  the  effectiveness  of  polarization  fields  in  structuring 
plasma  at  very  large-scale  sizes,  say  greater  than  50  km. 

Turning  to  scale  sizes  smaller  than  the  neutral  scale  height  at  which 
we  expect  the  irregularity  structure  to  be  amenable  to  statistical  modell¬ 
ing,  we  present  in  Section  III.C  some  preliminary  results  that  suggest 
that  a  turbulence-like  cascade  of  structure  may  be  responsible  for  the 
shallowly  sloped  intermediate-scale  spectral  regime  that  dominates  the 
average  spectral  characteristics.  Structure  in  this  regime  is  larger 
than  the  freezing  scale  where  diffusive  processes  are  important,  yet 
smaller  than  the  medium  scale  where  aeronomic  processes  impart  structure 
directly  to  the  plasma. 
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As  mentioned  above,  we  view  the  observed  spectrum  of  structure  as 
reflecting  a  balance  between  source  and  dissipative  mechanisms.  In 
Section  IV,  we  describe  our  experimental  and  theoretical  attempts  to 
examine  the  diffusion  processes  that  ultimately  remove  F-region  plasma 
structure.  The  experimental  evidence  indicates  that  the  effective  rate  of 
diffusion  of  plasma  across  magnetic  field  lines  in  the  F  layer  depends  on 
the  scale  size  of  the  structure  being  removed.  Although  this  result 
sounds  surprising  at  first,  we  show  theoretically  that  diffusion  that 
depends  on  scale  size  is  a  natural  consequence  of  the  electrical  coupling 
along  magnetic  field  lines  between  the  E-  and  F-layers.  We  have  developed 
a  model  that  predicts  the  temporal  evolution  of  an  arbitrary  initial 
spectrum  of  F-region  structure.  Although  each  scale  size  is  assumed  to 
evolve  independently  (i.e.,  nonlinear  mode  coupling  is  not  included),  all 
important  E-region  coupling  effects  (including  image  irregularity  forma¬ 
tion)  are  retained.  This  model  has  shown  that  E-region  processes  can 
dominate  the  evolution  of  the  F-layer  spectrum.  The  model  is  currently 
being  refined  and  expanded  to  allow  examination  of  the  altitude  dependence 
of  current  closure,  image  formation,  and  related  effects  on  diffusion. 

This  brief  summary  has  only  highlighted  a  few  of  the  significant  new 
results  coming  from  the  DNA  HILAT  program.  The  intent,  nonetheless,  is  to 
properly  reflect  the  rapid  pace  at  which  progress  in  understanding  plasma 
structuring  processes  is  being  made.  A  predictive  physical  model  for 
high-latitude  irregularities  is  an  ambitious  goal,  and  the  continued 
progress,  such  as  that  reported  here,  makes  pursuing  it  reasonable. 
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SECTION  II 

EARLY  MORPHOLOGICAL  RESULTS  FROM  THE 
HILAT  SATELLITE  AND  THE  SONDRESTROM  INCOHERENT-SCATTER  RADAR 

A.  Plasma  Density  Features  Associated  with  Magnetospheric  Convection 

A  principal  concern  for  predicting  the  behavior  of  late-time  nuclear- 
produced  plasma  at  high  latitudes  is  to  better  define  the  high-latitude 
convection  pattern  and  its  variations.  Also,  as  we  will  show  in  this  sec¬ 
tion,  there  are  at  least  two  important  sources  of  natural  high-latitude 
ionization  that  are  directly  related  to  the  magnetospheric  convection 
pattern.  The  first  is  soft  electron  precipitation  at  the  afternoon  con¬ 
vection  reversal  boundary.  The  second  is  convection  of  solar-produced 
plasma  through  the  dayside  "throat"  and  into  the  polar  cap. 

Before  relocating  the  radar  to  Sondre  Stromfjord,  the  nature  of  the 

o 

convection  pattern  above  about  70  invariant  latitude  was  revealed  only 
through  the  combination  of  many  "snapshots"  of  data  taken  from  satellites, 
barium  releases,  balloons,  and  rockets.  The  radar  provides  long-term  con¬ 
tinuous  coverage  of  the  ionospheric  flow  above  a  fixed  region  on  the 
globe. 

The  convection  pattern  that  is  observed  by  the  radar  can  be  described 
generally  by  two-cells  whose  flow  direction  is  parallel  to  the  auroral 
oval.  Because  the  size  of  the  cells  depend  on  magnetic  activity,  the 
sense  of  the  interplanetary  magnetic  field,  and  the  like,  there  are  occa¬ 
sions  when  only  one  side  of  a  cell  lies  within  the  field  of  view  of  the 
radar.  However,  frequently  the  convection  reversal  boundary  is  near 
Sondrestrom  for  both  the  morning  and  evening  cells  and  a  clear  pattern  of 
sunward  flow  at  lower  latitudes  and  antisunward  flow  at  high  latitudes  is 
revealed. 
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An  example  is  shown  in  Figure  II. A. 1(a),  which  displays  data  from  18 
May  1983.  A  two-celled  convection  pattern  is  evident  with  the  convection 
reversal  boundary  nearly  overhead  at  Sondrestrom.  These  reversals  are 
shearlike,  and  there  is  no  obvious  evidence  of  a  "throat"  near  local  noon. 
Associated  with  the  shear  reversal  in  the  afternoon  sector  are  enhanced  F- 
region  densities  shown  in  Figure  II. A. 1(b). 

The  enhanced  F-region  plasma  is  accompanied  by  elevated  electron  tem¬ 
peratures  suggesting  that  soft  particle  precipitation  is  the  source  of  the 
density  enhancement.  Indeed,  models  of  magnetospheric  electrodynamics  im¬ 
ply  that  precipitation  should  occur  in  regions  where  the  magnetospheric 
electric  field  converge,  as  is  the  case  in  the  afternoon  sector.  Subse¬ 
quent  coordinated  observations  between  the  radar  and  HILAT  have  verified 
the  existence  of  a  soft  electron  flux  carrying  an  upward  field-aligned 
current  along  this  afternoon  shear  reversal  boundary.  In  the  morning  sec¬ 
tor  on  this  particular  day,  V  •  E  >  0  and,  correspondingly,  F-region 
densities  are  not  enhanced  even  though  the  flow  is  sheared  in  that  region 
also. 

A  second  feature  of  ionospheric  F-region  structure  that  has  been 
directly  linked  to  magnetospheric  convection  is  an  ionization  enhancement 
that  occurs  at  the  rotational  convection  reversal  near  magnetic  noon. 

This  plasma  density  enhancement  appears  when  there  is  a  significant  or 
dominant  antisunward  component  of  flow. 

The  radar  data  in  Figure  II. A. 2(b)  from  September  1983  have  a  sig¬ 
nificant  antisunward  flow.  The  period  of  interest  is  the  period  from  1200 
to  1400  local  time  (LT).  An  enhancement  of  approximately  a  factor  of  3  in 
the  electron  density  can  be  seen  during  this  period.  The  local  time  ex¬ 
tent  of  the  enhancement  decreases  with  increasing  latitude  and  is  about 
one  hour  above  Sondrestrom.  Unlike  the  ionization  feature  associated  with 
the  afternoon  convection  reversal,  the  electron  and  ion  temperatures,  T 

e 

and  T,,  are  approximately  equal  within  the  enhancement,  but  T  is  somewhat 

l  e 

elevated  over  T.  outside  of  the  enhancement.  This  anticorrelation  between 
l 

T  and  N  is  expected  in  the  absence  of  a  heat  source  because  the  electron 
e  e 
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Diurnal  patters  of  (a)  plasma  convection  and 
(b)  F-region  number  density. 
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The  density  gradient  on  the  northeastern  edge  of  the  enhancement  is 


quite  steep.  It  is  along  this  boundary  that  the  largest  drift  velocities 
were  observed.  Schunk  et  al.  [1976]  and  Kelly  and  Wickwar  [1981]  have 
shown  that  in  regions  of  large  electric  fields  (i.e.,  large  drift  velo¬ 
cities)  the  F-region  densities  are  depleted  due  to  an  enhanced  loss  rate 
of  0+  ions.  Apparently,  this  process  caused  the  density  at  the  F-region 
peak  in  this  region  just  outside  of  the  enhancement  to  be  even  less  than 
in  other  regions  outside  the  enhancement. 

High-spatial-resolution  cross-sections  of  the  ionization  ridge  were 
obtained  during  an  orthogonal  scan  experiment.  The  experiment  mode  con¬ 
sists  of  consecutive  scans  of  the  antenna  beam  in  orthogonal  planes;  the 
first  along  the  magnetic  meridian  from  north  to  south  and  the  second  or¬ 
thogonal  to  it  (i.e.,  magnetically  west  to  east).  Both  planes  contain  the 

local  zenith;  hence,  the  east-west  scan  is  not  in  the  plane  of  the  L 

o 

shell,  but  because  of  the  high  dip  angle  (80.3  ),  there  is  little  differ¬ 
ence  between  the  plane  scanned  and  the  L  shell.  Two  pulses  were  trans¬ 
mitted  alternately  providing  9-  and  48-km  range  resolution.  The  antenna 
scan  limits  allowed  coverage  in  the  F  region  of  about  700-km  distance  from 
Sondrestrom  at  350-km  altitude.  Thus,  the  east-west  scans  provide  cover¬ 
age  of  approximately  one  hour  of  local  time.  With  the  20-min  antenna- 
cycle  time,  a  given  local  time  is  sampled  by  the  radar  three  different 
times:  first  to  the  east  of  the  radar,  then  overhead,  and  finally  to  the 

west.  This  overlapping  coverage  allows  some  separation  of  spatial  and 
temporal  variations  that  is  not  possible  using  only  meridian  scans. 

Figure  II. A. 3  shows  consecutive  contour  maps  of  electron  density  as  a 

function  of  altitude  and  magnetic  east-west  distance  from  Sondrestrom. 

The  period  covered  is  from  1056  LT  [1156  magnetic  local  time  (MLT)]  to 

1224  LT  on  27  February  1983.  The  feature  of  interest  is  the  ionization 
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enhancement  (N  7.5  x  10  cm  )  at  300  km-altitude.  The  enhancement  was 
e 

first  detected  to  the  east  of  the  radar  at  about  1030  LT.  As  the  radar 
rotated  with  the  earth,  the  ionization  enhancement  eventually  was  overhead 


at  — 11 40  LT  and  later  disappeared  from  the  radar's  field  of  view  to  the 
west.  The  level  of  the  enhancement  was  a  factor  of  two  or  more  over  the 
background  and  was  confined  to  altitudes  above  ~  250  km. 

By  comparing  consecutive  east-west  and  north-south  scans,  we  can  gain 
some  insight  into  the  three-dimensional  character  of  the  enhancement. 
Figure  II. A. 4  shows  such  a  comparison.  The  top  panel  shows  the  east-west 
scan  when  the  ionization  enhancement  was  overhead.  The  bottom  panel  shows 
the  next  consecutive  scan  from  north  to  south.  In  both  planes  the  enhance¬ 
ment  only  appears  at  the  F-layer  peak  and  above.  Interestingly,  the  width 
of  the  enhancement  is  less  in  the  east-west  plane  than  in  the  north-south 
plane.  This  is  particularly  apparent  at  the  higher  altitudes  (i.e.,  350 
to  400  km).  Thus,  the  geometry  of  the  enhancement  is  anisottopic  and 
"ridgelike"  extending  further  in  the  north-south  than  in  the  east-west 
direction. 

Figure  II. A. 5  shows  a  plan  view  of  the  ionization  ridge  in  geographic 

coordinates.  Indications  are  made  along  each  scan  plane  of  regions  where 
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the  electron  number  density  exceeded  6  x  10  cm  and  7  x  10  cm  ,  corres¬ 
ponding  to  approximately  50  percent  and  90  percent  enhancement  over  the 
background.  The  scale  of  the  time  axis  is  such  that  the  east-west  dis¬ 
tance  is  the  same  as  the  north-south  distance  at  the  latitude  of  Sondre- 
strom.  This  shows  that  the  ridge  of  ionization  was  indeed  more  or  less 
fixed  in  space  as  the  radar  rotated  beneath  it.  The  ridge  was  oriented 
north-northwest  magnetically,  in  the  direction  of  the  drift  velocity. 

We  have  presented  observations  of  the  three-dimensional  ionization 
distribution  in  the  vicinity  of  the  dayside  cusp.  The  ionization  signa¬ 
ture  takes  the  form  of  an  anisotropic,  north-south  extended,  ridge  of 
ionizatic n  that  is  less  than  one  hour  wide  in  local  time  at  the  latitude 
of  Sondrestrom.  It  is  slanted  in  local  time  to  the  west  of  north  corres¬ 
ponding  to  the  direction  of  the  drift  velocity. 

Observations  of  the  electron  and  ion  temperatures  inside  and  outside 
of  the  27  February  enhancement  have  been  presented  by  Kel ly  11983).  His 
observations  show  that  the  ion  temperature  is  unchanged  by  the  presence  of 
of  enhanced  density.  The  electron  temperature,  on  the  other  hand,  is 
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Figure  II.A.5.  Plan  view  of  the  F-region  ionization 
ridge.  The  dotted  and  bold  lines 
indicate  ionization  enhancements  of 
50  and  90  percent,  respectively,  over 
the  background. 


reduced  inside  the  enhancement.  This  suppression  of  electron  temperature 
is  consistent  (provided  there  is  no  local  heat  source)  with  the  expected 
increase  in  electron  cooling  rate  where  the  electron  number  density  is 
large  [Banks  and  Kockarts,  1973], 

Knudsen  [1974]  estimated  that  the  soft-particle  flux  associated  with 
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the  polar  cusp  would  add  approximately  2  x  10  cm  to  the  electron  number 

density  at  the  F-region  peak.  This  estimate  is  based  on  a  flux  of  0.2 
-2  -1  -1 

ergs  cm  s  sr  and  a  convection  velocity  of  1  km/s  across  the  cusp 

o 

region  assumed  to  be  3  in  width.  The  enhancement  observed  in  the  Febru- 
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ary  data  is  ~  4  x  10  cm  and  the  convection  velocity  is  about  600  m/s. 
These  values  are  in  reasonable  accord  with  Knudsen's  calculations,  i.e., 
the  convecting  F  region  spends  twice  the  time  in  the  ionizing  region,  and 
the  enhancement  in  electron  number  density  is  twice  as  large.  However,  we 
also  note  that  the  electron-density  profiles  [Kelly ,  1983]  indicate  that 
diffusive  equilibrium  exists  even  at  the  equatorward  extremes.  Knudsen 
estimates  that  75  min  are  required  to  reach  diffusive  equilibrium  given  a 


particle  energy  spectrum  peaked  at  100  eV  and  to  be  absorbed  over  a  1 50-km 
altitude  range.  This  suggests  that  if  a  soft-particle  flux  were  the 
source  of  enhanced  ionization,  it  must  be  located  some  2500  km  away, 
assuming  our  measured  convection  speed  is  representative  for  the  entire 
path.  This  distance  seems  unreasonable.  Of  course,  we  could  always  pos¬ 
tulate  a  spectrum  of  precipitating  particles  that  would  produce  an  alti¬ 
tude  profile  of  ionization  that  resembled  that  of  diffusive  equilibrium. 
However,  the  spectrum  assumed  by  Knudsen  [1974]  seems  more  reasonable  be¬ 
cause  it  was  based  on  a  large  body  of  satellite  measurements.  Also,  as 
discussed  earlier,  the  electron  temperature  within  the  density  enhancement 
is  reduced  as  compared  to  regions  outside  the  enhancement.  We  expect  that 
if  soft-particle  precipitation  were  occurring,  the  electron  temperature 
would  be  elevated. 

In  the  September  case,  the  convection  velocity  is  about  1  km/s  (as 

Knudsen  assumed)  in  the  enhanced  regions,  yet  the  density  enhancement  is 

5  -3 

only  about  0.8  to  1  x  10  cm  .  It,  therefore,  also  appears  inconsistent 
that  the  ionization  enhancement  is  due  to  a  local  cusp-related  soft-particle 
flux.  This  of  course  assumes  that  the  spatial  extent  of  the  cusp  does  not 
change.  Again,  in  this  case  the  electron  temperature  was  not  elevated. 


In  an  effort  to  provide  an  alternative  explanation  for  the  ionization 

enhancements,  we  have  examined  the  electron  density  that  would  be  expected 

if  ionization  were  simply  convected  to  Sondrestrom  from  lower  latitudes 

where  the  solar  zenith  angle  was  relatively  low.  Using  the  empirical 

relation  from  Baron  et  al.  [1983]  corresponding  to  the  February  condi- 

o 

tions,  we  find  that  at  65  geographic,  for  an  SA  equal  to  138  (10.7  cm 

5  -3 

flux),  the  expected  maximum  density  is  8.8  x  10  cm  .  The  maximum  density 

o 

noted  in  the  February  data  overhead  at  Sondrestrom  (67  geographic)  was 

7.5  x  10^.  In  the  September  experiment,  the  expected  electron  density 

based  on  the  empirical  relation  of  Baron  et  al.  [1983]  for  summer  is 

5-3  5-3 

2.6  x  10  cm  and  the  measured  value  was  3.0  x  10  cm  .  The  variation  in 

the  peak  densities  on  the  two  days  is  also  consistent  with  the  known 
seasonal  variations  of  the  Oxygen-to-Nitrogen  ratio  (i.e.,  the  winter 
anomaly)  as  discussed  by  Roble  [1977], 


As  seen  in  Figure  IT. A. 6,  the  lowest  solar  zenith  angles  are  eastward 
and  equatorward  when  Sondrestrom  is  at  noon.  Thus,  the  magnitude  of  the 
observed  enhancements  could  be  simply  explained  by  transport  without  in¬ 
voking  a  precipitation  source.  This  explanation  is  further  supported  by 
the  fact  that  at  noon,  the  lowest  solar  zenith  angles  are  southeast  of 
Sondrestrom;  the  observed  drifts  were  northwest. 


12  LT 


(a)  FEBRUARY  1983 


Figure  II. A. 6.  Solar  zenith  angles  from  70°  to  80°  A 
invariant  latitude  around  noon. 


In  summary,  we  have  identified  an  important  source  of  polar  cap 
ionization  that  does  not  appear  to  be  associated  with  soft-particle  flux. 
Weber  et  al.  (1984]  has  also  reported  ionization  patches  in  the  polar  cap 
that  were  not  coincident  with  a  soft-particle  flux.  The  observations 
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reported  here  are  consistent  with  the  idea  that  solar  EUV  produced  ioniza 
tion  is  convected  poleward  from  regions  equatorward  of  the  field  of  view 
of  the  radar.  Within  the  observing  field  of  view,  the  enhancement  is 
relatively  broad  in  local  time  at  the  lowest  latitudes  and  becomes  nar¬ 
rower  with  increasing  latitude.  This  qualitative  behavior  is  shared  by 
the  contours  of  constant  solar  zenith  angle  in  Figure  II. A. 6.  Based  on 
one  year's  observations,  this  ionization  feature  is  observed  whenever  the 
convection  velocities  are  large  and  have  a  significant  poleward  component 
The  fact  that  a  large  portion  of  polar-cap  ionization  may  be  produced  by 
this  mechanism  leads  us  to  expect  polar-cap  phenomena  depend  strongly  on 
the  season.  This  is  indeed  the  case  as  will  be  shown  in  the  next  section 

B.  Seasonal  Variations  in  Polar-Cap  Structure 

As  was  pointed  out  in  the  previous  section,  even  before  HILAT  was 
launched,  we  had  strong  evidence  from  Sondrestrom  radar  data  that  solar 
production  at  low  Latitudes,  combined  with  antisunward  convection,  con¬ 
tribute  significantly  to  polar-cap  ionization.  This  led  us  to  believe 
that  there  are  marked  seasonal  variations  in  polar-cap  phenomena  that 
should  be  characterized  using  HILAT  measurements.  These  seasonal  effects 
are  very  pronounced  in  the  electrodynamic  parameters  as  well  as  in  the 
distribution  of  plasma  density.  The  electrodynamic  processes  will  be  dis 
cussed  in  more  detail  in  Section  III. A,  which  deals  with  the  voltage- 
current  relationship  of  the  magnetospheri c  generator.  Here,  we  concen¬ 
trate  on  in  situ  plasma  density  and  variations  in  total  electron  content 
(TEC). 

HILAT's  orbit  precesses  to  earlier  local  times  each  day.  Therefore, 
we  must  be  careful  in  selecting  satellite  passes  for  seasonal  studies  be¬ 
cause  season  and  local  time  are,  to  some  extent,  mixed.  Moreover, 
detailed  studies  of  the  local-time  variations  of  specific  quantities 
should  take  into  account  the  differences  in  satellite  trajectory  for  as¬ 
cending  and  descending  node  passes.  Descending  node  passes  are  nearly 
aligned  with  the  magnetic  meridian  at  Sondrestrom;  ascending  node  passes 
sweep  through  a  large  sector  of  magnetic  local  time.  For  examining  the 


gross  seasonal  changes  In  plasma  density  and  TEC,  however,  it  is  suffi¬ 
cient  to  sort  data  on  the  basis  of  date. 

The  data  presented  in  Figures  II.B.l(a)  through  (c)  come  from  Sondre- 

strom  science  summary  files  for  Winter  1983,  Summer  1984,  and  Winter  1984, 

respectively.  The  data  are  plotted  in  invariant  latitude-corrected  magnetic 

o 

local-time  coordinates.  The  rings  represent  10  intervals  of  invariant 
o 

latitude  from  50  to  the  pole.  The  data  are  binned  and  averaged  in  15-min 

o 

corrected  magnetic  local  time  (CMLT)  and  1  invariant  latitude  sectors. 

o 

Only  those  passes  whose  maximum  elevation  angle  exceeds  45  are  included  in 
these  figures  to  ensure  valid  comparison  with  the  TEC  data  presented  below. 

Comparison  of  Figures  II.B.l(a)  and  (c)  with  (b)  show  that  the  in 
situ  plasma  density  at  800-km  altitude  is  about  an  order  of  magnitude 
higher  in  the  summer  than  in  the  winter.  This  is  true  at  essentially  all 
latitudes  and  local  times  sampled.  Additionally,  the  somewhat  lower 
plasma  densities  in  Figure  II. B. 1(c)  compared  to  II. B. 1(a)  suggests  a 
general  decrease  in  density  associated  with  the  declining  solar  cycle. 

One  should  not  assume  that  the  plasma  density  variations  at  800-km 

altitude  necessarily  reflect  those  at  the  height  of  the  F-layer  peak. 

This  can  be  demonstrated  by  examining  the  TEC  variations  shown  in  Figures 

II. B. 2(a)  through  (c).  The  data  are  plotted  in  invariant  latitude-cor- 

o 

rected  magnetic  local-time  coordinates.  The  rings  represent  10  intervals 

o 

of  invariant  latitude  from  50  to  the  pole.  These  passes  correspond  to 
those  shown  in  Figure  II.B.l. 

Although  the  plasma  density  at  800  km  was  much  higher  in  the  summer 
than  in  the  winter,  the  TEC  of  the  ionosphere  in  Figures  II. B. 2(a)  and  (b) 
is  comparable  at  these  latitudes  in  the  summer  and  winter.  This  indicates 
that  the  density  at  800  km  is  strongly  affected  by  the  electron  tempera¬ 
tures  and,  hence,  the  plasma  scale  height.  In  other  words,  the  density  in 
the  summertime  is  much  higher  at  800  km  because  the  ionosphere  is  effec¬ 
tively  thicker  (in  altitude)  than  in  the  wintertime  although  the  total 
amount  of  plasma  along  any  ray  path  is  comparable  in  summer  and  winter. 
Comparison  of  Figures  II. B. 2(a)  and  (c)  further  indicates  that  the  solar 
cycle  strongly  modulates  the  TEC  at  high  latitudes  at  all  local  times. 
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4.10  TO  4.40 
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3.50  TO  3.80 


3.20  TO  3  50 


NO  DATA 


(c)  WINTER  1984  (10  NOVEMBER  1984  TO  6  FEBRUARY  1985) 


Figure  II.B.1.  (Concluded). 


These  facts  have  implications  for  scintillation  morphology.  For  ex¬ 
ample,  in  the  winter,  the  thinner  F  layer  must  have  a  higher  peak  electron 


density  than  in  the  summer  for  the  TEC  to  be  comparable.  Therefore,  if 
o 
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< | AN /N I  >  is  the  same  in  summer  and  winter,  the  scintillation  level  will 
be  higher  in  winter.  This  general  trend  is  in  agreement  with  observation. 
It  should  be  kept  in  mind,  however,  that  other  seasonal  effects  are  in  the 
same  sense  and  may  dominate  this  one.  For  example,  in  the  summertime  the 
conducting  E  layer  will  short  out  the  polarization  electric  fields  that 
drive  flux  tube  interchange  instabilities  [Vickrey  and  Kelley,  1982 j. 
Moreover,  as  is  shown  in  Section  III. A,  magnetospheric  electrostatic 
structure  is  much  more  pronounced  in  the  winter  than  in  the  summer.  Thus, 


(c)  WINTER  1984  110  NOVEMBER  1984  TO  6  FEBRUARY  1985) 


Figure  II. B. 2  (Concluded). 


the  seasonal  trend  is  to  (1)  increase  the  strength  of  structure  driving 
processes,  (2)  decrease  instability  damping,  and  (3)  increase  the  peak 
plasma  density  being  structured  in  the  winter  as  compared  to  summer.  All 
three  of  these  effects  should  make  scintillation  higher  in  the  winter  than 
in  the  summer  for  equivalent  magnetic  conditions.  For  any  given  season, 
evidence  to  date  suggests  variations  in  scintillation  with  solar  cycle  are 
caused  by  the  modulation  in  TEC. 

C.  Irregularity  Characteristics  from  Phase-Scintillation  Data 

As  mentioned  in  Section  I,  the  HILAT  satellite  mission  was  specifi¬ 
cally  designed  to  test  hypotheses.  In  addition  to  measuring  the  forces 
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that  produce  plasma  structure,  the  plasma  structure  itself  is  diagnosed. 
The  ultimate  output  of  a  predictive  code  will  be  the  spectrum  of  plasma 
irregularities  for  a  known  ray  path  and  a  given  set  of  magnetic  condi¬ 
tions.  The  testing  of  such  codes  will  be  done  by  comparing  them  with 
HILAT  observations.  In  this  section,  we  present  our  preliminary  summary 
analysis  of  the  spectral  characteristics  from  more  than  one  year's  data 
from  the  Sondre  Stromfjord  station  and  the  first  winter  season's  data  from 
the  Tromso  station.  Our  first  objective  is  to  establish  the  average 
spectral  characteristics  as  a  function  of  invariant  latitude,  magnetic  lo¬ 
cal  time,  and  season.  We  recognize  that  many  important  dynamic  features 
of  the  high-latitude  ionosphere  are  lost  in  such  extensive  averaging.  On 
the  other  hand,  the  robust  spectral  characteristics  that  survive  the 
averaging  can  be  used  confidently  in  predictive  models. 

The  average  characteristics  also  provide  a  baseline  against  which 
variations  that  are  induced  by  the  more  dynamic  phenomena  can  be  measured. 

1 .  Data  Selection  and  Method  of  Analysis 

For  scintillation,  the  most  important  irregularities  are  larger 
than  several  hundred  meters  and  have  comparatively  long  lifetimes  in  the  F 
region  where  they  are  most  intense.  Thus,  for  these  structures  it  is 
valid  to  assume  that  the  irregularities  are  "frozen"  during  the  measure¬ 
ment  and  that  time  increments  can  be  converted  to  space  increments  by 
using  an  effective  scan  velocity.  Also,  because  of  the  noiselike  charac¬ 
ter  of  the  irregularity  measurements,  individual  spectra  exhibit  a  high 
degree  of  fluctuation  and  some  means  must  be  used  to  extract  a  measure  of 
the  average  spectral  density.  It  is  generally  accepted  that  the  average 
spectral  density  function,  however  it  is  deduced,  can  be  represented  ade¬ 
quately  by  a  series  of  power-law  segments. 

We  have  developed  a  procedure  that  allows  us  to  fit  an  arbi¬ 
trary  number  of  power-law  segments  to  measured  spectral  density  functions 
(SDF)s.  The  number  of  segments  and  their  break  points  are  determined 
automatically  and  optimally.  By  applying  this  method  to  the  extensive 
data  base  of  HILAT  phase  scintillation  data,  we  have  been  able  to  measure 
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consistent  spectral  characteristics  without  subjectively  preselecting  the 
temporal  frequency  intervals  over  which  the  curve  fitting  is  performed. 
This  is  important  in  analyzing  scintillation  data  because  the  effective 
scan  velocity  changes  continuously  with  the  propagation  geometry.  A  fixed 
temporal  frequency  interval  corresponds  to  a  continually  changing  spatial 
interval,  whereas  single  features  in  the  spatial  wave-number  spectrum  can 
appear  at  different  temporal  frequencies. 

In  the  absence  of  diffraction  and  under  the  assumption  that 
many  irregularities  intersect  the  propagation  path,  the  phase  SDF  is 
directly  proportional  to  the  three-dimensional  in  situ  SDF.  Diffraction 
effects  become  increasingly  important  as  the  propagation  disturbance  in¬ 
creases,  but  they  are  most  prominent  at  the  higher  temporal  frequencies. 
The  signal  components  that  are  affected  by  diffraction  are  readily  detec¬ 
ted  in  multifrequency  data  by  observing  departures  from  the  nominal  linear 
wavelength  dependence.  Thus,  in  selecting  our  data  for  summary  analysis, 
we  reject  segments  if  the  scintillation  levels  are  very  low  or  if  there  is 
evidence  of  contamination. 

For  the  actual  curve  fitting,  we  have  combined  the  measured  VHF 
and  UHF  phase  spectra  to  obtain  a  single  SDF,  which  we  normalize  to  the 
VHF  phase  scintillation  level  for  an  infinitely  high  reference  frequency. 
Combining  the  measured  spectra  in  this  manner  reduces  the  statistical 
fluctuations  and  provides  a  common  reference  level  for  comparisons  and 
further  analysis.  In  our  application  of  the  curve  fitting  procedure,  we 
allow  as  many  as  six  power-law  segments  of  the  form 

♦  (f)  =  Tkf-Pk  fk-i<:  f  <  fk  .  (II.C.l) 

To  convert  the  measured  temporal  frequencies  to  a  spatial  wave 
number,  we  use  the  effective  scan  velocity,  v  as  defined  in  Rino 

[1982],  We  have  used  a  fixed  10:1  axial  ratio  for  rodlike  irregularities. 
The  deviations  caused  by  varying  anisotropy  and  sheetlike  irregularities 
[Livingston  et  al. ,  1982]  will  manifest  themselves  principally  on  propa¬ 
gation  paths  that  are  nearly  coincident  with  the  principal  irregularity 


axes.  Because  the  HILAT  orbit  drifts  in  local  time,  the  number  of  passes 
that  are  strongly  affected  by  deviations  from  the  assumed  anisotropy  is 
not  too  large,  and  this  procedure  is  adequate  for  determining  the  gross 
morphological  features  in  the  data. 

To  provide  a  means  of  normalizing  our  results  to  absolute 
structure  levels,  we  assume  a  three-dimensional  in  situ  irregularity 
spectrum  of  the  form 


4>(K,kz)  f  2  2.V+1/2 

[qo  +  q  ] 


(II. C. 2) 


It  can  he  shown  [Rino,  1982]  that  the  corresponding  one-dimensional  phase 

SDF  for  f  »  q  v  rc/2it  has  the  form 
o  ef f 


4>(f)  =  Tf 


f  »  v  q  /  2  it 
ef f  o 


(II. C. 3) 


where 


p  =  2v 


(II. C. A) 


t  =  r  r  ^  2  T(v)  ->2  v-1 

T  CPG  T(v  +  1/2)  (2  eff} 


(II. C. 5) 


C  =  r  X  iC 
P  e  s 


(II. C. 6) 


Definitions  of  the  geometry-dependent  factors  G  and  v  can  be  found  in 

ef  f 

Rino  [1 982  ] . 


By  using  F.qs.  (II. C. 3)  and  (II. C. 6)  with  assumed  anisotropy 

ratios  and  a  layer  thickness  to  estimate  C  ,  we  can  make  a  first-order 

s 

correction  for  the  dominant  geometrical  effects.  If  our  anisotropy  esti¬ 
mates  are  in  error,  localized  enhancements  or  reductions  will  appear  in 
the  summary  data.  Thus,  we  have  a  means  of  checking  sensitivity  of  our 
model  to  the  assumed  anisotropy. 


In  the  summary  analysis  presented  here,  we  have  concentrated  on 

the  scale-size  regime  that  encompasses  structures  from  several  tens  of 

kilometers  to  less  than  one  kilometer.  These  are  the  largest  scale  sizes 

that  can  be  readily  accommodated  in  a  statistical  model,  and  they  are  the 

dominant  structures  that  cause  scintillation  at  VHF  through  L  band.  Once 

the  breakpoints  are  converted  to  spatial  wave  numbers  using  v  ,  we  iden- 

ef  f 

tify  the  intermediate  scale  as  the  first  power-law  segment  with  an  upper 
break  frequency  that  corresponds  to  a  wavelength  less  than  one  kilometer. 
All  the  power-law  segments  that  include  structures  larger  than  the  inter¬ 
mediate  scale  are  averaged  together  and  referred  to  as  medium-scale  irreg¬ 
ularities.  We  have  not  yet  analyzed  structures  smaller  than  the  inter¬ 
mediate  scale  because  of  possible  contamination  by  diffraction  effects  and 
additive  noise. 

2.  Morphology  of  Spectral  Charcteristics 
a.  Spectral  Index 


The  parameter  least  affected  by  the  propagation  geometry 
is  the  spectral  index.  In  Figures  II.C.l  through  II. C. 5,  we  show  seasonal 
day-night  probability  distributions  for  intermediate-scale  p  index  derived 
from  the  Sondre  Stromfjord  data.  Figure  II. C. 6  shows  the  average  day- 
night  probability  distributions  for  the  entire  Sondre  Stromfjord  data  set. 
All  the  distributions  are  well  behaved  with  a  peak  value  near  2.5  for  the 
daytime  data  and  2.6  for  the  nighttime  data.  For  the  daytime  data  the 
nonwinter  seasons  show  slightly  more  spread  in  their  range  of  values  about 
the  mean,  but  this  pattern  is  reversed  in  the  nighttime  data.  All  these 
variations  are  small,  however,  and  the  overall  behavior,  as  summarized  in 
Figure  II. C. 6  is  very  similar  to  what  was  observed  in  the  Wideband  satel¬ 
lite  data  obtained  from  both  equatorial  and  auroral-zone  stations  [Rino  et 
al. ,  1982]. 

Figure  II. C. 7  shows  the  corresponding  p  index  distribu¬ 
tion  for  the  first  winter  season  from  the  Tromso  station.  The  daytime 
distribution  has  many  fewer  points  than  the  corresponding  distribution 
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from  the  Sondre  Stromfjord  data  shown  in  Figure  II.C.l.  This  is  princi¬ 
pally  due  to  our  selection  criterion  in  which  we  reject  any  data  segment 

for  which  S.  at  UHF  is  less  than  0.2  to  avoid  noise  contamination  in  the 
4 

UHF  phase  spectra.  Because  of  its  lower  magnetic  latitude,  the  Tromso 
station  sees  many  fewer  disturbed  passes  than  the  Sondrestrom  station, 
particularly  during  the  daytime.  It  should  be  kept  in  mind,  however,  that 
our  selection  procedure  biases  the  summary  statistics  toward  the  more  dis¬ 
turbed  passes.  Figure  II. C. 8  shows  the  all-season  distribution  for  the 

Sondrestrom  data  when  no  S.  selection  criteria  is  used  which  can  be  com- 

4 

pared  to  Figure  II. C. 9.  The  only  noticeable  effect  is  a  slight  shift 
toward  larger  p  values.  Because  noise  contamination  tends  to  reduce  the  p 
values,  we  believe  the  intermediate  scale  p  indices  are  correct  with  or 
without  the  selection  criteria,  but  we  have  retained  it. 

Because  the  intermediate-scale  spectral-p  index  does  not 

show  any  significant  seasonal  variations,  it  is  appropriate  to  average  the 

data  from  the  individual  seasons  together.  To  preserve  the  day-night 

variation,  however,  we  have  sorted  the  data  base  by  invariant  latitude  and 

corrected  geomagnetic  local  time.  The  results  for  the  Sondrestrom  data 

are  shown  in  Figure  II. C. 9.  The  largest  p  index  values  occur  in  the  mid- 

o 

night  sector  below  A  =  /0  .  The  shallowest  slopes  are  observed  in  an 

o  o 

annular  ring  between  A  =  70  and  A  =  75  where  the  slopes  steepen  again. 


We  note  that  the  nightside  enhancement  is  identical  to 
the  enhancement  reported  in  Secan  and  Fremouw  [1982],  which  was  found  in 
Wideband  satellite  data  from  an  auroral-zone  station.  Thus,  the  nightside 
enhancement  occurs  over  a  fixed  range  of  invariant  latitudes,  which  sug¬ 
gests  that  a  local  geophysical  feature  is  affecting  the  spectral  shape, 
o 

Because  65  is  the  average  location  of  the  auroral  zone,  the  associated 

highly  conducting  E  layer  is  an  attractive  candidate  that  could  cause  such 

an  effect.  The  more  shallowly  sloped  intermediate-scale  spectra  observed 
o 

above  70  invariant  latitude  is  more  puzzling.  Secan  and  Fremouw  [1982] 
also  reported  that  the  shallower  spectra  tended  to  occur  when  the  propaga¬ 
tion  path  is  near  the  magnetic  meridian.  We  do  not  observe  this  pattern 
in  the  Sondre  Stromfjord  data  shown  in  Figure  II. C. 9.  Thus,  a  purely 
geometrical  explanation  does  not  seem  likely. 


ALL  SEASONS 
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Figure  II.C.9.  350-km  invariant-latitude  corrected-magnetic-local-time 

clock  dial  plot  of  Sondrestrom  intermediate-scale  v  index. 


Turning  now  to  the  medium-scale  structure  in  Figure 

II.C.10,  we  show  the  invariant-latitude-corrected-magnetic-time  display  of 

the  average  medium-scale  p  index  derived  from  the  Sondre  Stromfjord  data. 

We  present  only  the  summary  display  because  no  prominent  seasonal  varia- 

o 

tion  was  found;  however,  there  is  pronounced  steepening  of  p  below  70 

o 

invariant  latitude.  Above  70  ,  the  behavior  is  generally  similar  to  that 

o 

of  the  intermediate  scale,  p.  This  suggests  that  below  70  the  average 

SDF  has  a  distinct  two-component  structure  with  the  medium  scale  more 

o 

steeply  sloped  than  the  intermediate  scale.  Above  70  ,  the  medium  scale 
is  essentially  an  extension  of  the  intermediate  scale. 


12 


>  3.0 

2.5  TO  3.0 

2.0  TO  2.5 

1.5  TO  2.0 

<  1.5 

NO  DATA 


The  behavior  of  the  low-frequency  breakpoint  of  the 

intermediate-scale  power-law  segment  is  shown  in  Figure  1I.C.11.  There  is 

a  considerable  amount  of  scatter  in  the  data,  but  the  smallest  values  oc- 
o 

cur  below  70  with  peak  values  in  excess  of  20  km  occurring  in  the  region 
where  the  more  shallowly  sloped  SDFs  are  observed. 

b.  Spectral  Strength 

Figure  II.C.12  is  a  clock-dial  plot  of  the  intermediate- 
scale  spectral  strength  parameter  averaged  over  the  entire  Sondre  Strom- 
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Figure  II.C.11.  350-km  invariant-latitude  corrected-magnetic-local-time 
clock-dial  plot  of  Sondrestrom  upper  break  point  for 
intermediate  scale. 

fjord  data  base.  We  present  the  average  data  first  to  illustrate  the 

effects  of  the  propagation  path  and  the  effective  velocity.  The  phase 

o 

structure  shows  a  pronounced  increase  near  70  invariant  latitude.  The 
boundary  is  circular  rather  than  oval.  The  most  intense  enhancements  are 
observed  between  70°  and  75°,  primarily  on  the  dusk  side.  Indeed,  betwee 
midnight  and  0600  CMLT  almost  no  localized  enhancements  survive  the 
averaging. 

As  discussed  in  Section  II. C. 2,  we  can  use  Eq.  (II. C. 5) 
to  make  a  first-order  correction  for  the  geometrical  dependence  of  the 
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Figure  II.C.12.  350  km  invariant-latitude  corrected-magnetic-local-time 

clock-dial  plot  of  intermediate-scale  spectral  strength  in 
dB  (10  LOG10  T)  for  Sondrestrom  data. 


phase  scintillation.  Figure  II.C.13  shows  the  C  values  assuming  a  10:1 

s 

anisotropy  and  a  100-km  layer  thickness.  The  same  general  features  are 

present  in  the  C  distribution,  but  the  pattern  is  not  nearly  so  uniform, 
s 

This  is  principally  caused  by  the  large  variations  in  V  ,  that  occur  for 
the  different  pass  geometries.  The  fact  that  random  localized  enhance¬ 
ments  survive  the  geometry  correction  indicates  that  they  are  principally 
source  variations,  although  sheetlike  structures  could  account  for  ; ome  of 
the  enhancements  at  the  extremes  of  the  data  set.  In  any  case,  the  10:1 
anisotropy  assumption  appears  to  be  useful  for  evaluating  the  gross  mor¬ 
phological  features  that  we  are  interested  in  here. 


50 


0 


Figure  II.C.13.  Equivalent  three-dimensional  turbulent  strength  computed 
from  Eqs.  (II.C.5)  and  UI.C.6)  for  10:1  rodlike  irregularities. 

Figures  II.C.14  through  1I.C.18  show  the  seasonal  day- 
night  distributions  of  Cg  for  the  Sondre  Stromfjord  data.  Figure  II.C.19 
shows  the  corresponding  distributions  for  the  first  season's  data  from  the 
Tromso  station.  The  Sondre  Stromfjord  overall  average  is  shown  in  Figure 
II.C.20.  The  first  point  to  note  is  that  none  of  the  distributions  differ 
significantly  from  the  Sondre  Stromfjord  average  distributions  shown  in 
Figure  II.C.20,  with  the  single  exception  of  the  Sondre  Stromfjord  night¬ 
time  data  from  the  first  winter  season  (Figure  II.C.14),  which  showed  a 
shift  toward  smaller  disturbances.  In  particular,  there  is  no  prominent 
seasonal  or  solar  cycle  variation.  We  note,  however,  that  the  Tromso  data 
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NPTS  =  1336 
AVG  =  188.88 
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Distribution  of  Sondrestrom  equivalent  three-dimensional 
turbulent  strength  for  November  1984  to  January  1985 


Distribution  of  Tromso  equivalent  three-dimensional 
turbulent  strength  for  November  1983  to  January  1984 


from  Che  first  winter  period  show  the  largest  average  disturbance  levels 
for  both  the  day  and  the  nighttime  periods. 


The  lack  of  a  distinct  seasonal  and  solar-cycle  depen¬ 
dence  in  compared  with  that  for  TEC  presented  in  Section  II. B  is 
curious.  It  may  reflect  an  anticorrelation  between  TEC  and  F-layer  peak 
density.  This  relationship  is  being  investigated. 


As  a  consistency  check  on  these  data,  we  have  also  com¬ 
puted  the  corresponding  distributions  of  corrected  for  the  path  angle 
variation.  Because  is  inherently  high-pass  filtered  by  diffraction 

effects,  it  is  not  sensitive  to  variations  in  v  ...  For  the  weak  to 

eft 

moderate  scintillation  levels  that  dominate  this  data  base,  the  corrected 

values  track  C^  very  well.  There  are,  as  we  should  expect,  differences 

in  detail,  but  the  general  features  are  identical  to  those  shown  here  in 

the  C  distributions, 
s 


These  preliminary  results  suggest  that  some  structuring 
mechanism  sustains  a  background  disturbance  level  that  persists  even  when 
the  F-region  densities  are  comparatively  low.  Also,  substorm  activity, 
which  we  have  not  analyzed  here,  may  be  exerting  a  strong  influence  on  the 
data,  particularly  as  it  affects  the  largest  events.  Thus,  during  this 
period  of  low  solar  activity,  identifying  the  various  structuring 
mechanisms  will  require  an  exacting  comparative  analysis  of  the  entire 
complement  of  HILAT  instruments. 


D.  Refinement  of  the  High-Latitude  Structure  Source  Function  for 
the  Nighttime  Auroral  Zone 


In  the  past,  we  have  modelled  the  morphology  of  high-latitude  irregu¬ 
larities  by  specifying  (1)  a  source  function  of  irregularities,  (2)  the 
lifetime  of  irregularities  once  produced,  and  (3)  the  redistribution  of 
irregularities  by  magnetospheric  convection  [Vickrey  and  Kelley,  1982]. 

The  previous  modelling  effort  used,  however,  an  overly  simplified  source 
f unc t i on- -name ly  an  annular  ring  representing  the  auroral  oval.  In  this 
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section,  we  combine  more  sophisticated  source  functions  and  convection 
patterns  in  an  attempt  to  reproduce  Chatanika  radar  observations. 

Data  obtained  during  elevation  scans  with  the  Chatanika  incoherent- 
scatter  radar  have  revealed  the  presence  of  ionization  enhancements  in  the 
nightside  auroral  F-region  with  scale  sizes  ranging  from  tens  of  kilo¬ 
meters  (medium  scale)  to  hundreds  of  kilometers  (large  scale).  We  have 
attempted  to  identify  the  sources  of  these  enhancements  using  the  radar 
data  and  two  models.  One  model  combines  a  specified  ionization-source 
region  with  a  realistic  high-latitude  convection  model  so  that  the  plasma 
distribution  produced  by  various  source  regions  can  be  compared  with  that 
mapped  out  by  the  radar  measurements.  The  second  model  computes  the  dis¬ 
tortions  of  drifting  plasma  blobs  produced  by  convection  in  the  absence  of 
ionization  sources  and  losses.  The  data  and  modelling  indicate  that  the 
Harang  discontinuity  is  an  important  source  region  for  large-  and  medium- 
scale  ionization  enhancements  and  that  distortion  by  convection  of  large- 
scale  ionization  enhancements  can  produce  smaller-scale  enhancements  even 
in  the  absence  of  plasma  instabilities  or  other  structuring  mechanisms. 

F-region  ionization  in  the  high-latitude  ionosphere  has  been  studied 
extensively  in  recent  years  both  by  theoretical  modelling  and  observations 
[e.g.,  Knudsen,  1974;  Watkins ,  1978;  Vickrey  and  Kelley,  1982;  Sojka  et 
al. ,  1983;  and  Foster,  1984],  These  efforts  have  been  successful  in  ac¬ 
counting  for  large-scale  features  such  as  the  midlatitude  trough,  the 
polar  cavity,  the  plasma  tongue  extending  into  the  polar  cap  from  the 
cusp,  and  the  aurorally  enhanced  F  region.  Smaller-scale  structure  in 
ionization  has  been  investigated  by  Kelley  et  al.  [1982],  The  distribu¬ 
tion  of  irregularities  with  kilometer-scale  lengths  was  consistent  with  an 
assumed  irregularity  source  located  along  the  polar-cap  boundary,  a  region 
commonly  associated  with  soft-particle  precipitation  [Eather ,  1969]. 

The  sources  of  large-  and  medium-scale  ionization  enhancements  need 
not  be  the  same.  The  large-scale  structures  can  be  produced  by  sources 
that  act  over  large  portions  of  the  polar  regions,  the  small-scale  struc¬ 
ture  requires  either  a  structured  source  region,  structured  electric 
fields,  or  plasma  instabilities  that  act  on  the  large-scale  enhancements. 


Identification  of  the  various  sources  requires  direct  measurements  of  F- 
region  electron  density,  optimally  as  a  function  of  latitude  and  local 
time.  Such  data  can  be  obtained  by  incoherent-scatter  radars.  However, 
care  must  be  taken  in  interpreting  these  observations  because  of  temporal 
variations  in  the  plasma  distribution.  When  radar  data  are  compared  with 
the  results  of  numerical  modelling,  the  interpretation  of  the  observations 
becomes  less  ambiguous. 

In  this  section,  we  compare  Chatanika  radar  measurements  with  results 
of  two  numerical  models  to  identify  possible  source  regions  of  F-region 
ionization  enhancements  in  the  nightside  auroral  zone.  Our  results  per¬ 
tain  to  enhancements  with  scale  sizes  ranging  from  tens  of  kilometers  to 
hundreds  of  kilometers.  We  first  show  that  the  most  prominent  large- 
scale  plasma  features  are  produced  by  an  ionization  source  in  the  region 
of  the  Harang  discontinuity.  We  then  discuss  several  mechanisms  that  can 
produce  the  smaller-scale  features  observed  in  the  data. 

In  the  following  sections,  we  (1)  describe  the  observational  tech¬ 
nique  used  to  infer  the  latitude  and  local-time  distribution  of  F-region 
ionization  and  plasma-drift  velocity,  (2)  present  the  observational  and 
modelling  results  separating  those  that  pertain  to  large-  and  medium-scale 
enhancements  and  (3)  discuss  and  summarize  the  results. 


Technique 


The  measurements  described  here  were  made  using  the  Chatanika 
radar  while  the  antenna  was  scanning  in  the  magnetic  meridian  plane.  In 
the  following,  we  explain  how  electron  density  and  vector  electric  fields 
are  determined  from  these  measurements,  emphasizing  the  advantages  and 
disadvantages  of  the  elevation  scan  mode  over  other  operating  modes. 

The  time  for  one  complete  elevation  scan  is  dictated  by  the  an¬ 
gular  extent  of  the  scan  and  the  desired  spatial  resolution.  The  spatial 
resolution  is  limited  by  the  minimum  feasible  integration  time,  which  is 
about  15  s  for  reliable  ion-drift-velocity  measurements  using  a  320-ps 

pulse  length.  To  obtain  measurements  with  a  horizontal  resolution  of 

o 

30  km  at  300-km  altitude,  the  scan  rate  must  be  less  than  6  in  15  s. 
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This  holds  only  for  measurements  at  the  zenith.  As  the  radar  scans  to 

lower  elevation  angles,  the  horizontal  distance  between  measurements 

increases.  Instead  of  operating  the  radar  at  a  nonuniform  scan  rate  to 

o 

compensate  for  this  effect,  we  chose  to  use  a  uniform  rate  of  about  3  in 
15  s.  This  gives  15-km  resolution  overhead  and  40-km  resolution  at  the 
extremities  of  the  scan.  The  E-region  spatial  resolution  is  about  half 
these  values. 

Although  electron-density  measurements  can  be  made  with  an  in¬ 
tegration  time  as  small  as  5  s,  they  are  usually  obtained  with  the  same 
15-s  integration  time  that  is  used  for  the  velocity  measurements.  We  dis¬ 
play  electron-density  data  from  meridian  scan  measurements  by  constructing 
altitude  profiles  along  lines  of  constant  invariant  latitude  and  then 
drawing  contours  through  the  values.  Examples  of  contour  plots  of  elec¬ 
tron  density  are  shown  in  Figure  II.D.l.  These  data  were  obtained  during 
scans  on  three  different  evenings.  F-region  structure  observed  on  these 
three  evenings  is  discussed  below. 

Our  method  for  determining  the  vector  electric  field  from 
meridian-scan  measurements  has  been  presented  by  de  la  Beaujardiere  et  al. 
[1977].  Briefly,  the  zonal  electric  field  is  determined  directly  from  the 
line-of-sight  F-region  ion-drift  velocity.  The  meridional  electric  field 
is  inferred  from  the  line-of-sight  E-region  ion-drift  velocity  measured 
below  the  F-region  ion-drift  velocity  measurement  along  the  same  field 
line.  To  do  this,  we  subtract  that  part  of  the  E-region  ion  drift  induced 
by  the  zonal  electric  field  and  neutral  wind.  The  neutral  wind  effect  is 
small  for  typical  E-region  wind  velocities.  The  effects  produced  by  the 
zonal  electric  field  are  eliminated  by  using  the  Hall  mobility  in  the  E 
region  and  the  measured  electron  density.  Fortunately,  the  zonal  electric 
fields  are  usually  small  and,  thus,  the  meridional  electric  field  is  ap¬ 
proximately  equal  to  the  E-region  ion  drift  times  the  effective  Pedersen 
mobility.  The  technique  suffers  from  smearing  effects  over  96  km  (in 
range)  when  using  a  pulse  length  of  320  ps.  This  is  effectively  reduced 
to  48  km  by  the  manner  in  which  the  data  are  sampled  in  the  autocorrelator 
Although  subject  to  these  uncertainties,  the  electric  fields  measured  in 
this  manner  have  been  found  to  be  quantitatively  accurate  [e.g.,  Robinson 
et  al.,  1981]. 


62 


l] 


The  advantages  of  the  meridian  scan  over  other  operating  modes 
o 

is  that  a  6  to  10  (depending  on  altitude)  latitudinal  sector  in  the  iono¬ 
sphere  can  be  viewed  in  as  little  as  12  min.  Data  from  successive  scans 
can  be  combined  to  provide  information  about  temporal  variations  in  elec¬ 
tron  density  and  drift.  However,  keep  in  mind  the  difficulty  in  distin¬ 
guishing  temporal  variations  from  local-time  variations. 

One  disadvantage  of  the  elevation  scan  over  other  radar  operat¬ 
ing  modes  is  that  vector  electric  fields  can  only  be  measured  where  E- 

region  measurements  are  possible.  This  limits  the  latitude  over  which 

o 

electric  fields  are  measured  to  about  5  or  6  .  Techniques  that  use  only 
F-region  velocity  measurements  provide  electric-field  data  over  a  much 
larger  latitudinal  range.  Also,  in  the  elevation  scan  the  radar  cannot 
measure  the  electric  field  when  directed  near  the  magnetic  zenith.  Des¬ 
pite  these  problems,  the  elevation  scan  is  useful  for  measuring  electron 
density  and  the  electric  field  in  ionospheric  features  with  scale  sizes  as 
small  as  10  km.  We  have  taken  advantage  of  this  capability  in  the  present 
study. 


2.  F-Region  Ionization  and  Plasma  Drift 

In  this  section,  we  present  Chatanika  radar  data  obtained  on 
four  evenings.  The  four  days  were  chosen  from  a  much  larger  set  of  days 
on  which  elevation  scan  measurements  were  made  at  Chatanika.  The  selec¬ 
tion  was  made  on  the  basis  of  the  quality  of  the  data  and  the  continuity 
of  the  measurements  through  the  local  time  of  interest.  In  addition, 
however,  the  measurements  are  fairly  representative  of  the  data  usually 
obtained  during  these  experiments;  in  particular,  they  include  examples  of 
the  most  common  F-region  ionization  enhancements. 

Radar  measurements  obtained  on  the  four  days  chosen  are  shown 
in  Figure  II. D. 2.  Only  measurements  made  between  1800  and  0600  MLT  are 
shown.  At  Chatanika,  MLT  =  UT  -  11.5  hrs.  The  upper  panels  in  Figure 
II. D. 2  show  the  electron  density  at  the  peak  of  the  F  layer  as  a  function 
of  invariant  latitude  and  MLT.  The  data  have  been  smoothed  in  the  con¬ 
structing  of  these  plots,  so  that  structures  with  scale  sizes  less  than 
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about  50  km  are  not  apparent.  The  large-scale  ionization  enhancements  in 
Figure  II. D. 2  are,  in  general,  actually  composed  of  numerous  medium-scale 
enhancements  such  as  those  shown  in  Figure  II.D.l.  Our  identification  of 
an  enhancement  as  either  large  or  medium  scale  is  based  on  the  appearance 
of  the  feature  in  the  radar  data.  Some  of  the  medium-scale  enhancements 
in  Figure  II.D.l  can  actually  be  identified  in  many  successive  scans  so 
that  their  longitudinal  extent  may  be  hundreds  of  kilometers  or  more. 

Thus,  our  identification  of  a  feature  as  being  either  large  or  medium 
scale  is  based  on  the  latitudinal  dimension  of  the  enhancement.  The  dis¬ 
cussion  in  this  section  is  restricted  to  the  source  of  the  large-scale 
ionization  enhancements.  Medium-scale  structure  will  be  addressed  in  the 
following  section. 

The  lower  panels  in  Figure  II. D. 2  show  the  vector  drift  velo¬ 
city  as  a  function  of  invariant  latitude  and  MLT.  These  were  computed 
from  the  electric  field  measurements  described  above  assuming  E  x  B  drift. 
Measurements  of  electric  field  with  uncertainties  greater  than  10  mV/m 
were  excluded  from  the  plots.  Electric-field  measurements  with  very  large 
uncertainties  occur  near  the  radar  magnetic  zenith  and  where  the  E-region 
electron  density  is  low.  Thus,  for  example,  in  the  data  for  23  February 
1980  the  southern  extent  of  the  electric-field  measurements  in  the  evening 
sector  follows  the  equatorward  edge  of  the  diffuse  aurora. 

Before  discussing  the  data  in  Figure  II. D. 2,  some  cautionary 
remarks  should  be  made.  First,  the  plots  of  drift  velocities  cannot  be 
regarded  as  instantaneous  pictures  of  F-region  convection.  Because  the 
plots  were  constructed  from  measurements  made  over  12  hours,  any  temporal 
changes  in  the  convection  pattern  will  appear  as  spatial  variations  in  the 
data  displayed  in  Figure  II. D. 2.  Temporal  variations  in  the  convection 
electric  field  usually  occur  in  association  with  magnetic  substorms. 

Thus,  ground-based  magnetometer  data  can  be  studied  to  identify  times  when 
these  variations  were  likely.  Perturbations  in  the  H  component  of  the 
magnetic  field  measured  at  College,  Alaska,  are  shown  in  Figure  II. D. 3. 

All  four  evenings  contained  periods  of  magnetic  activity  to  varying  de¬ 
grees.  The  perturbations  in  the  H  component  recorded  on  21  November  1979, 
and  23  February  1980  can  be  interpreted  in  terms  of  rotation  of  the 


67 


earth  beneath  a  stationary,  two-cell  convection  pattern  so  that  no  indica¬ 
tion  of  substorm  activity  on  these  two  days  is  present.  However,  the  data 
from  24  February  1980  and  11  November  1981  clearly  contain  large  varia¬ 
tions  in  the  geomagnetic  field  associated  with  substorm  activity.  Thus, 
the  radar  data  for  these  evenings  must  be  interpreted  more  carefully. 

Like  the  electric-field  measurements,  the  F-region  density 
measurements  must  be  interpreted  with  care.  The  plasma  distributions 
shown  in  Figure  II. D. 2  are  not  indicative  of  the  instantaneous  distribu¬ 
tion  of  ionization  even  in  the  absence  of  substorm  activity  because  the 
F-region  plasma  has  a  long  lifetime  and  is  convecting.  For  example,  the 
data  for  21  November  1979  indicate  an  ionization  enhancement  extending 
between  1800  and  2100  MLT.  There  is  no  way  to  tell  from  the  radar 
measurements  alone  whether  this  was  a  localized  enhancement  corotating 
with  the  earth  or  was  an  elongated  enhancement  that  convected  through  the 
radar  field  of  view  over  the  several  hours  required  to  make  the  measure¬ 
ments.  In  either  case  the  radar  measurements  provide  only  a  distorted 
view  of  the  actual  extent  and  distribution  of  F-region  plasma. 

To  aid  in  interpreting  the  ionization  data,  we  distinguish  be¬ 
tween  two  types  of  ionization  enhancements.  The  distribution  of  F-region 
ionization  that  does  not  vary  with  time  as  viewed  from  an  inertial  refer¬ 
ence  frame  we  refer  to  as  a  standing  feature.  Any  pattern  of  ionization 
whose  appearance  or  location  in  the  inertial  frame  changes  with  time  we 
refer  to  as  a  transient  feature.  The  distinction  between  standing  and 
transient  ionization  features  applies  to  both  medium-  and  large-scale 
enhancements.  The  ion:'  ;ation  distribution  determined  from  the  radar  data 
over  the  twelve  hours  required  for  the  measurements  is  a  combination  of 
standing  features  and  transient  features.  It  is  clear  that  standing  fea¬ 
tures  can  only  be  created  by  processes  that  do  not  vary  with  time;  in  par¬ 
ticular  they  require  the  spatial  relationship  between  the  source  and  the 
convection  pattern  to  remain  unchanged.  Although  this  requirement  is  sel¬ 
dom  satisfied,  it  may  be  that  some  portions  of  the  auroral  convection 
pattern  are  more  favorable  for  certain  types  of  precipitation.  Thus,  the 
convection  pattern  may  change  but  the  precipitation  may  be  tied  to  the 
convection  in  a  deterministic  way.  This  would  favor  the  production  of 
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large-scale  ionization  enhancements  that  are  relatively  permanent  features 


of  the  auroral  oval. 


Possible  examples  of  standing  ionization  features  can  be  seen 


in  the  upper  panels  of  Figure  II. D. 2.  One  is  the  longitudinally  extended 
ionization  enhancement  that  is  apparent  in  the  data  of  21  November  1979, 

23  February  1980,  and  24  February  1980.  These  enhancements  occur  most  of¬ 
ten  near  the  equatorward  edge  of  the  diffuse  E-region  aurora.  In  some 
cases  their  longitudinal  extent  exceeds  ten  hours  of  local  time.  Because 


of  their  location  relative  to  the  diffuse  aurora  we  refer  to  them  as 


boundary  features.  The  "boundary  blob"  described  by  Tsunoda  et  al.  [1985] 
and  Weber  et  al.  [1984]  forms  this  longitudinally  extended  ionization 
enhancement.  That  is,  the  boundary  feature  is  made  up  of  one  or  more 


boundary  blobs  near  the  equatorward  edge  of  the  auroral  oval. 


A  second  feature  that  may  be  a  standing  feature  is  the  enhance¬ 
ment  extending  through  the  midnight  sector  in  the  data  from  21  November 
1979  and  23  February  1980.  When  we  compare  the  location  of  these  enhance¬ 
ments  to  the  drift  velocity  measurements,  we  find  that  these  features  oc¬ 
cur  near  the  Harang  discontinuity.  The  Harang  discontinuity  marks  the 
separation  between  westward  drifting  plasma  and  eastward  drifting  plasma. 
The  discontinuity  is  extended  in  local  time  and  slanted  from  northwest  to 
southeast  [Maynard,  1974].  The  location  of  the  Harang  discontinuity  is 
shown  by  the  curved  lines  in  the  lower  panels  of  Figure  II. D. 2.  The 
ionization  feature  associated  with  this  region  we  refer  to  as  the  midnight 


feature.  The  modelling  described  below  suggests  that  the  boundary  feature 


and  the  midnight  feature  are  both  standing  ionization  features. 


Unlike  standing  ionization  features,  the  processes  involved  in 


producing  transient  ionization  features  are  fairly  common.  Any  change  in 
the  precipitation  or  convection  pattern  can  produce  a  local  enhancement  or 


depletion  in  F-region  electron  density.  After  it  is  created,  the  plasma 


will  drift  at  the  F.  x  B  drift  velocity.  Substorms,  in  particular,  may  be 


responsible  for  many  transient  ionization  features — depending  on  the  life¬ 


times  of  F-region  ionization,  the  enhancements  produced  during  substorms 


may  be  observed  far  from  the  place  that  they  are  created.  Transient  ioni- 
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zation  features  may  also  be  produced  by  time-varying  processes  acting 
along  the  dayside  polar  cusp,  with  the  ionization  features  being  subse¬ 
quently  transported  across  the  polar  cap.  Weber  et  al.  [1984]  have 
recently  reported  such  drifting  patches  in  the  polar  cap. 

Examples  of  transient  ionization  features  are  apparent  in  the 
data  for  11  November  1981  and  24  February  1980.  On  11  November,  there  are 
several  intervals  between  0100  and  0400  MLT  during  which  the  F-region 
ionization  undergoes  rapid  changes.  These  correspond  to  simultaneous  sud¬ 
den  changes  in  the  geomagnetic  field  recorded  by  ground  magnetometers 
(Figure  II. D. 3).  They  are  most  likely  produced  as  a  result  of  a  sudden 
increase  in  auroral  particle  precipitation  or  the  transit  of  a  surge 
across  the  radar  meridian.  In  the  data  in  Figure  II. D. 2  for  24  February 
1980,  an  ionization  enhancement  seems  to  extend  down  from  the  poleward 
edge  of  the  radar  field  of  view  near  midnight.  This  could  be  a  portion  of 
a  larger  patch  that  has  convected  across  the  polar  cap.  We  emphasize 
that,  in  contrast  to  standing  ionization  features,  transient  features  are 
highly  distorted  in  the  radar  data  because  of  the  time  required  to  make 
the  measurements.  Transient  ionization  features  will,  therefore,  not  be 
the  primary  topic  of  this  section,  although  we  will  demonstrate  that  under 
certain  circumstances  transient  ionization  features  may  persist  for 
several  hours  at  the  same  magnetic  latitude  and  local  time. 

Regardless  of  whether  an  observed  ionization  feature  is  stand¬ 
ing  or  transient,  its  location  cannot  necessarily  be  regarded  as  the  site 
of  local  auroral  precipitation.  This  is  because  the  F-region  responds 
very  slowly  to  in  situ  production.  Kofman  and  Wickwar  [1984]  used  measure¬ 
ments  of  electron  density  and  temperatures  made  by  the  incoherent-scatter 
radar  at  Sondrestrom,  Greenland,  to  calculate  heat  loss  rates.  In  steady 
state  and  in  the  absence  of  heat  conduction  along  field  lines,  the  rates 
of  heat  loss  indicate  the  rate  of  local  heat  production.  Although  Kofman 
and  Wickwar  [1984]  obtained  good  results  in  the  dayside  auroral  oval, 
similar  calculations  using  the  data  shown  here  were  largely  inconclusive 
in  revealing  localized  regions  of  enhanced  production.  This  is  either  be¬ 
cause  the  source  regions  on  the  nightside  are  not  as  pronounced  as  the 
dayside  or  because  parallel  heat  conduction  is  more  effective  on  the 


nightside  in  carrying  away  locally  deposited  energy.  Below,  we  infer  the 
presence  of  local  production  by  examination  of  E-region  ionization  in  the 
vicinity  of  the  F-region  enhancements.  Because  of  the  rapid  recombination 
times  at  low  altitudes.  E-region  ionization  reflects  in  situ  production. 
Thus,  when  E-region  ionization  is  present,  it  usually  indicates  the  pre¬ 
sence  of  local  precipitation  of  electrons  with  energies  greater  than  1 
keV.  These  energetic  electrons  are  not  as  efficient  in  ionizing  the  F- 
region  as  electrons  in  the  energy  range  of  0.1  to  1  keV.  Moreover,  we 
cannot  assume  that  enhanced  precipitation  of  keV  electrons  that  would 
produce  an  auroral  E  region  would  necessarily  be  accompanied  by  enhanced 
precipitation  at  energies  below  a  keV.  Nevertheless,  some  indication 
about  the  nature  of  the  precipitation  can  be  extracted  by  comparing  the  E- 
and  F-region  ionization  distributions.  This  comparison  is  described 
below. 

3.  The  Harang  Discontinuity  as  a  Source  of  Enhanced  F-Region 

Ionization 

The  data  in  Figure  II. D. 2  for  21  November  1979  and  23  February 
1980  are  similar  in  that  both  show  a  large  region  of  enhanced  ionization 
in  the  vicinity  of  the  Harang  discontinuity.  This  feature  may  be  asso¬ 
ciated  with  enhanced  particle  precipitation  or,  alternatively,  may  be  a 
region  in  which  relatively  dense  plasma  is  preferentially  convected. 
Electron-density  contour  plots  and  electric-field  latitudinal  profiles  for 
scans  within  the  midnight  ionization  feature  on  these  two  days  are  shown 
in  Figure  II. D. A.  The  data  for  the  two  days  are  remarkably  similar.  The 
ionization  contours  show  a  lat itudinal ly  extended  narrow  region  of  en¬ 
hanced  E-region  density  beneath  a  latitudinally  extended  region  of  struc¬ 
tured  F-region  plasma.  The  electric-field  data  show  that  the  E-region 
feature  and  the  region  south  of  it  were  on  field  lines  that  convected 
slowly  westward  (northward  electric  field).  Immediately  to  the  north  was 
a  region  of  strong  eastward  drift.  The  reversal  in  electric  field  and  the 
E-region  enhancement  are  the  ionospheric  signatures  of  the  Harang  discon¬ 
tinuity.  The  Harang  discontinuity  has  been  associated  with  enhanced  par¬ 
ticle  precipitation  and  upward  field-aligned  current  [Heppner  et  al . , 
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Figure  II. D. 4. 


Electron  density  and  electric-f 
measurements  made  by  the  ra 
during  elevation  scans  in  the 
region  of  the  Harang  discontir 
on  21  November  1979  and 
23  February  1980. 
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1971].  The  upward  field-aligned  current  follows  from  current  continuity; 
i.e.,  the  ionospheric  Pedersen  currents  along  the  discontinuity  converge 
requiring  current  to  flow  out  of  the  ionosphere. 

Examination  of  data  from  scans  before  and  after  those  shown  in 
Figure  II. D. 4  revealed  that  the  spatial  relationship  between  E-  and  F- 
region  ionization  shown  in  the  figure  was  maintained  for  several  hours 
around  midnight.  Thus,  the  F-region-ionization  enhancement  referred  to  as 
the  midnight  feature  appears  to  be  spatially  correlated  with  the  E-region- 
ionization  enhancement  shown  in  Figure  II. D. 4.  This  suggests  that  the 
precipitation  associated  with  the  Harang  discontinuity  may  be  an  important 
source  of  F  region  plasma.  We  provide  further  confirmation  of  this  in  the 
modelling  described  below.  In  addition,  we  show  in  the  next  section  how 
the  medium-scale-ionization  enhancements  apparent  in  Figure  II. D. 4  can 
also  be  produced  by  a  source  at  midnight. 

4.  F-Region  Ionization  Model 

To  identify  those  ionization  features  that  may  be  considered 
standing  features,  we  constructed  a  model  of  auroral  production  of 
F-region  ionization  in  which  the  effects  of  various  ionization  sources 
could  be  investigated.  Among  the  possible  sources  we  examined  were  (1)  a 
uniform  distribution  over  the  entire  auroral  zone  (2)  a  band  at  the 
poleward  edge  of  the  auroral  oval,  (3)  a  band  at  the  equatorward  edge  of 
the  auroral  oval,  and  (4)  a  broad  region  near  midnight  associated  with  up¬ 
ward  currents  at  the  Harang  discontinuity.  The  model  we  constructed  is 
similar  to  those  of  Knudsen  [1974]  and  Watkins  [1978]  in  that  the  electron 
continuity  equation  is  reduced  to  the  form 


¥  =  q-  0N 

where  N  is  the  electron  density  at  the  F  layer  peak,  q  is  the  ionization 
production  rate,  and  8  is  the  recombination  rate.  In  this  simple  form, 
the  equation  neglects  the  rate  of  change  of  ionization  bv  vertical 
diffusion.  In  the  calculation,  we  assumed  an  F-region  peak  altitude  of 
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300  to  A00  km  and  accordingly  used  a  value  of  0  given  by  2  x  10  s 
This  gives  a  characteristic  time  of  83  min  for  changing  the  F-region 

ionization  by  a  factor  or  e.  For  the  ionization  production  rate,  we  used 

-3  -1  -3  -1 

q  =  40  cm  s  for  the  auroral  background  source,  q  =  60  cm  s  for  the 

-3  -1 

equatorward  boundary  source,  and  q  =  160  cm  s  for  the  poleward  boundary 
and  Harang  discontinuity  sources.  The  assumed  values  for  q  and  0  are 
somewhat  arbitrary.  However,  the  objective  of  the  modelling  is  to  explain 
the  distribution  of  F-region  ionization  on  the  nightside  qualitatively. 

The  maximum  ionization  that  can  be  attained  in  the  model  is  q/0;  some 
liberty  was  exercised  in  adjusting  the  two  parameters  to  produce  electron 
densities  similar  to  those  observed. 

The  computational  procedure  used  in  the  model  is  similar  to 
that  of  Watkins  [1978].  That  is,  a  given  flux  tube  is  followed  along  a 
path  from  the  polar  cap  through  the  nightside  auroral  zone.  Our  approach 
differs  from  Watkins  [1978]  in  that  we  made  no  attempt  to  follow  a  com¬ 
plete  path  of  the  plasma  back  to  its  starting  point  making  the  initial  and 

final  values  agree.  We  assumed  that  the  auroral  zone  was  confined  to 

o  o 

latitudes  between  60  and  70  in  the  local-time  interval  between  dusk  and 

o 

dawn.  All  flux  tubes  enter  the  auroral  zone  at  a  latitude  of  70  with  an 

5  -3 

F-region  peak  density  of  1  *  10  cm 

In  choosing  a  convection  model,  we  placed  a  good  deal  of  em¬ 
phasis  on  the  representation  of  the  Harang  discontinuity.  With  this  in 
mind,  we  fashioned  a  convection  model  similar  to  that  of  Heppner  [1977] 
except  that  the  Harang  discontinuity  was  rotated  so  that  it  would  be 
situated  nearer  the  postmidnight  hours.  This  seemed  to  be  more  consistent 
with  the  data  in  Figure  II. D. 2.  An  additional  requirement  of  the  convec¬ 
tion  model  was  that  the  electrodynamic  properties  of  the  region  be 
consistent  with  the  presence  of  enhanced  particle  precipitation  near  the 
Harang  discontinuity.  This  involves  showing  that  the  convection  model, 
combined  with  a  realistic  conductivity  model,  yields  a  f ield-al igned- 
current  distribution  with  upward  currents  in  the  Harang  discontinuity. 

The  upper  panel  of  Figure  II. D. 3  shows  the  convection  model 
used.  Plasma  streamlines  are  shown  at  5-kV  intervals.  A  corotation  field 
has  been  added  so  that  the  pattern  represents  streamlines  as  seen  from  an 
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Figure  II. D. 5.  Auroral  electrodynamic  model. 

The  field-aligned  currents  were 
computed  by  taking  the  diver¬ 
gence  of  the  horizontal  currents 


inertial  frame  of  reference.  The  second  panel  in  Figure  II. D. 5  shows  a 
realistic  conductivity  model  that  might  accompany  this  convection  pattern. 
It  is  symmetric  about  the  magnetic  pole.  Only  the  Pedersen  conductance  is 
shown  in  the  figure.  The  Hall  conductance  was  assumed  to  be  1.5  times 
larger.  The  latitudinal  fall-off  away  from  the  peak  is  Gaussian.  This 
conductivity  distribution  is  based  on  the  sounder  data  presented  by  Whalen 
[1983],  which  showed  that  diffuse  auroral  precipitation  forms  a  circle 
with  a  Gaussian  latitudinal  profile  centered  on  an  offset  pole.  We  have 
omitted  the  offset  to  make  the  conductivity  distribution  consistent  with 
our  convection  pattern.  Note  that  our  conductivity  model  does  not 
resemble  the  statistical  conductance  models  of  Wallis  and  Budzinski  [1981] 
or  Spiro  et  al.  [1982],  both  of  which  tend  to  overestimate  the  quiet-time 
conductances  in  the  midnight  sector  owing  to  the  frequency  of  occurrence 
of  auroral  substorms.  We  feel  this  is  justified  because  we  are  examining 
steady,  not  substorm,  features. 

The  horizontal  currents  were  computed  by  combining  the  height- 
integrated  conductivities  with  the  electric  fields  implied  by  the  convec¬ 
tion  model  in  the  corotating  frame.  The  field-aligned  currents  were  com¬ 
puted  by  taking  the  divergence  of  the  horizontal  currents.  The  results 
are  shown  in  the  bottom  panel  of  Figure  II. D. 5.  When  compared  with  the 
upper  panel,  it  is  clear  that  the  Harang  discontinuity  is  the  site  of  in¬ 
tense  upward  currents.  Also  note  that  the  upward  currents  span  a  larger 
latitudinal  range  than  the  discontinuity  itself.  The  latitudinal  cross 
sections  of  electric  fields  and  field-aligned  currents  resemble  those  im¬ 
plied  by  the  data  in  Figure  II. D. 4. 

One  discrepancy  with  the  above  modelling  is  that  the  calculated 
upward  currents  are  not  necessarily  consistent  with  the  precipitation  pat¬ 
tern  as  represented  by  the  conductivity  model.  That  is,  the  existence  of 
upward  field-aligned  currents  requires  downward  accelerated  electrons  that 
may  alter  the  ionospheric  conductance.  Lyons  [1980]  examined  this  coupled 
problem  and  showed  that  inverted-V  electron  precipitation  takes  place 
where  the  divergence  of  electric  field  requires  upward  currents  to  flow. 
Without  attempting  to  incorporate  this  effect  here,  we  note  that  the 
field-aligned  current  and  electric-field  distribution  in  the  Harang  dis- 


continuity  in  our  model  will  probably  require  inverted-V-type  potential 
structures.  Electrons  in  the  center  portion  of  the  event  will  have  enough 
energy  to  ionize  the  E  region.  Away  from  the  center,  the  fluxes  of  low- 
energy  electrons  will  increase.  These  low-energy  electrons  will  prefer¬ 
entially  ionize  the  F  region  over  a  wider  latitudinal  range  than  the  E- 
region  enhancement.  This  agrees  with  the  measurements  shown  in  Figure 
II. D. 4. 

Figure  II. D. 6  shows  the  F-region  peak  density  as  a  function  of 

latitude  and  local  time  computed  from  the  model  using  three  different 

source  distributions.  In  Figure  II. D. 6(a),  a  uniform  distribution 

-3  -1 

throughout  the  auroral  zone  was  assumed.  With  q  =  40  cm  s  ,  this  yields 

5  3 

a  maximum  density  of  2  x  10  el/cm  .  This  maximum  is  reached  along  the 
equatorward  edge  of  the  auroral  zone  in  the  premidnight  hours.  For  a 
uniform  distribution  of  precipitation  the  electron  density  on  a  given  flux 
tube  depends  only  on  the  amount  of  time  the  flux  tube  spends  within  the 
auroral  zone.  Flux  tubes  that  cross  the  Harang  discontinuity  move  rela¬ 
tively  slowly,  especially  near  the  equatorward  edge  where  the  corotation 
electric  field  is  comparable  to  the  convection  electric  field.  On  the 
other  hand,  flux  tubes  that  do  not  cross  the  discontinuity  drift  rapidly 
eastward  causing  the  maximum  F-region  density  to  be  reached  near  the  dawn 
meridian. 

Figure  II. D. 6(b)  shows  the  results  when  we  add  a  source  at  the 

poleward  boundary  of  the  auroral  zone  to  the  background  source.  The  sum 

of  the  two  sources  yields  a  maximum  possible  steady  state  F-region  density 
6  3 

of  1  x  10  el/cm  .  In  this  case,  the  relative  enhancement  at  the  equator- 
ward  edge  of  the  oval  disappears,  and  the  high  plasma  densities  are  found 
near  the  dawn  and  dusk  meridians  in  the  poleward  portion  of  the  auroral 
zone.  The  electron  density  never  reaches  its  maximum  value  because  flux 
tubes  passing  through  the  poleward  boundary  convect  too  quickly  through 
the  source.  This  is  especially  true  just  after  midnight  when  corotation 
adds  to  the  eastward  drift  velocities. 

The  effects  of  a  source  at  the  equatorward  boundary  of  the  oval 
are  shown  in  Figure  II. D. 6(c).  As  expected,  this  source  region  produces  a 
band  of  enhanced  ionization  along  the  equatorward  boundary.  In  this  case. 


the  enhanced  ionization  and  the  source  region  are  coincident  because  the 
o 

60  latitude  line  in  our  convection  model  was  an  equipotential.  Thus, 

plasma  moves  along  this  boundary,  which  happens  to  coincide  with  the 

source  region.  As  suggested  by  Tsunoda  et  al.  [1985]  this  produces  a  kind 

of  resonance  in  which  the  plasma  remains  within  the  source  region 

throughout  its  convection  path.  Ample  time  is  available  for  the  electron 
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density  to  reach  its  maximum  value  which  in  this  case  is  5  x  10  el/cm  . 
This  value  is  reached  at  about  2300  MLT,  which  corresponds  to  a  stagnation 
point  in  the  convection  model. 

The  results  of  placing  a  source  region  near  the  Harang  discon¬ 
tinuity  are  shown  in  Figure  II. D. 7.  Figure  II. D. 7(a)  shows  the  source 
distribution  that  was  added  to  the  auroral  background.  The  source  was 
fashioned  to  resemble  the  upward  current  region  shown  in  Figure  II. D. 5. 
Figure  II. D. 7(b)  shows  the  resulting  electron  density.  The  electron  den¬ 
sity  reaches  its  highest  value  near  midnight  within  the  Harang  discon¬ 
tinuity  region  because  the  source  is  most  intense  there  and  because  the 
plasma  convects  slowly  through  it.  In  addition  to  this  maximum,  a  tail¬ 
like  extension  toward  the  morning  hours  represents  ionization  produced 
near  midnight.  This  ionization  can  travel  large  distances  toward  the  east 
before  recombining  because  of  the  high  convection  speeds.  In  contrast, 
ionization  produced  at  midnight  that  convects  across  the  Harang  discon¬ 
tinuity  moves  relatively  slowly  so  that  recombination  depletes  the  F 
region  before  it  can  reach  earlier  local  times.  Note  that  the  midnight 
source  does  not  eliminate  the  relative  peak  in  density  at  the  equatorward 
boundary  of  the  oval  produced  by  the  auroral  background  precipitation. 

The  ionization  feature  in  Figure  II. D. 7  is  similar  to  those  referred  to  as 
midnight  ionization  features  in  the  data  for  21  November  1979  and  23 
February  1980  (Figure  II. D. 2). 
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Production  of  Medium-Scale  Features 
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(a)  THE  DISTRIBUTION  OF  THE  SOURCE — F-REGION  IONIZATION-PRODUCTION  RATE 
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(b)  RESULTING  F-REGION  ELECTRON  DENSITY 

Figure  II. D. 7.  Results  of  model  calculations  for  the  Harang 
discontinuity  source. 
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production  of  these  structures.  A  structured  source  region  does  not 
produce  a  similarly  structured  F  region  unless  the  relative  motion  between 
the  plasma  and  the  source  is  optimal.  This  is  because  the  sluggish 
response  of  F-region  plasma  to  in  situ  production  tends  to  smooth  the 
resulting  density  structure.  The  time  scale  for  significant  changes  in  F- 
region  density  is  tens  of  minutes  during  which  time  the  plasma  can  move 
large  distances.  Thus,  structure  in  F-region  density  depends  on  the 
direction  of  plasma  drift  relative  to  the  direction  in  which  the  source  is 
structured.  We  show  here  that  a  source  region  in  the  midnight  sector  has 
the  properties  required  to  produce  small-  and  medium-scale  plasma  struc¬ 
ture  within  the  large-scale  enhancements. 

The  typical  flow  geometry  in  the  region  of  the  Harang  discon¬ 
tinuity  is  shown  in  the  upper  panel  of  Figure  II. D. 5.  Plasma  crosses  the 
discontinuity  convecting  slowly  equatorward  as  is  apparent  from  the  longi¬ 
tudinal  spacing  between  adjacent  equipotentials.  Equatorward  of  the  dis¬ 
continuity  the  plasma  turns  and  convects  more  rapidly  westward.  Because 
the  flow  is  incompressible  the  difference  in  drift  velocity  between  the 
plasma  crossing  the  Harang  discontinuity  and  the  plasma  at  earlier  local 
times  will  produce  a  change  in  the  latitudinal  scale  size  of  structure. 

For  example,  assume  that  the  precipitation  varies  sinusoidally  with  a 
wavelength  along  the  Harang  discontinuity  where  the  magnitude  of  the 
electric  field  is  E^.  If  the  electric  field  changes  to  a  new  value  E^ 
somewhere  to  the  west  of  the  Harang  discontinuity,  the  structure  will  have 
a  latitudinal  scale  size  of  L^,  where  is  given  by 


Li  Eo  x  Lo/Ei 


Thus,  variations  with  100-km  meridional  scale  length  along  the  Harang  dis¬ 
continuity  where  E  =  5  mV/m  will  appear  as  structure  of  10-km  scale  length 
at  dusk  where  E  =  50  mV/m.  We  can  see  that  if  the  convection  pattern  is 
such  that  most  of  the  plasma  crossing  the  Harang  discontinuity  convects 
into  a  lat i tud inal ly  narrow  channel  near  the  dusk  local-time  sector,  all 
variations  in  plasma  density  produced  along  the  discontinuity  will  be 
mapped  into  this  narrow  region.  The  enhanced  conductivity  associated  with 
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auroral  precipitation  tends  to  decrease  the  electric  field  in  the  oval. 

If  the  total  potential  drop  across  the  oval  is  to  remain  constant,  the 
electric  field  must  be  large  in  the  regions  of  low  conductivity,  in  this 
case  equatorward  of  the  oval.  This  process  can  account  for  the  enhanced 
scintillation  reported  by  Fremouw  et  al.  [1977]  at  the  equatorward  edge  of 
the  oval.  It  also  explains  the  observations  presented  by  Basu  et  al. 

[1984]  in  which  a  shift  in  scintillation  spectra  in  regions  of  high  elec¬ 
tric  field  indicated  the  presence  of  smaller-scale-size  irregularities. 

In  addition,  this  mechanism  increases  the  spatial  gradients  of  the  ioniza¬ 
tion,  so  that  plasma  instabilities  that  depend  on  the  magnitude  of  the 
gradients  would  be  favored  at  dusk  rather  than  midnight. 


The  effects  of  plasma  convection  on  the  scale  size  of  ioniza¬ 
tion  enhancements  are  important  for  transient  ionization  features  as  well. 
As  pointed  out  by  Vickrey  and  Kelley  [1983],  a  structured  velocity  pattern 
can  change  the  anisotropy  of  drifting  irregularities.  This  concept  was 
used  to  explain  the  change  in  irregularity  geometry  observed  by  Livingston 
et  al.  [1982].  Here,  we  have  modelled  the  effects  of  a  realistic  convec¬ 
tion  pattern  on  the  evolution  of  large-scale  plasma  enhancements  in  the 
pclar  cap  such  as  those  observed  by  Weber  et  al.  [1984].  The  technique 
involves  solving  the  electron  transport  equation  numerically.  An  example 
of  the  results  of  these  calculations  is  shown  in  Figure  II. D. 8.  The 
initial  condition  is  shown  by  the  isodensity  contour  in  the  first  panel. 


A  circular  large-scale  enhancement  of  ionization  is  placed  at  1800  LT  and 
o 


a  latitude  of  75  .  The  convection  pattern  shown  is  that  of  Heelis  et  al. 
[1982].  The  motion  and  distortion  of  this  blob  at  one-hour  intervals  are 
shown  by  the  subsequent  panels.  For  these  initial  conditions,  the  large- 
scale  plasma  feature  drifts  to  the  equatorward  edge  of  the  oval  and  elon¬ 
gates  along  the  boundary.  The  elongation  is  a  result  of  the  different 
convection  times  associated  with  various  streamlines  on  which  the  large- 
scale  enhancement  is  located.  In  fact,  a  portion  of  the  large-scale 
feature  convects  to  a  stagnation  point,  where  it  would  remain  until  it 
recombines  after  a  suitable  length  of  time.  However,  this  enhancement  may 
remain  for  several  hours,  elongated  along  the  equatorward  edge  of  the  oval 
and  becoming  narrower  as  other  portions  of  the  enhancement  convect  slowly 
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away.  In  this  manner,  a  transient  ionization  feature  may  behave  very  much 
like  a  standing  ionization  feature.  If,  during  the  few  hours  that  the  en¬ 
hancement  is  stretched  out  along  the  auroral-zone  boundary,  a  second 
patch,  also  on  streamlines  connected  to  the  stagnation  point,  crosses  the 
polar  cap,  a  second  boundary  feature  will  appear  extremely  close  to  the 
previous  one  but  not  overlapping.  This  process  produces  steep  gradients 
in  electron  density  and  possibly  enhanced  scintillation  effects.  In  addi¬ 
tion,  these  gradients  are  ideal  sites  for  structuring  by  flux  tube 
interchange  mechanisms.  Note  also  the  hook-shaped  extensions  of  the  en¬ 
hancement  in  the  dayside  hours.  These  small-scale  features  are  not 
artifacts  of  the  calculations,  but  are  actually  produced  by  the  incom¬ 
pressible  flow  in  a  well-behaved  potential  field.  This  structuring 
process  can  act  on  any  scale-size  enhancement,  the  important  parameter  is 
the  size  of  the  enhancement  relative  to  the  scale  length  for  gradients  in 
the  electric  field. 

The  behavior  of  the  large-scale  enhancement  in  Figure  II. D. 8 
can  be  contrasted  to  that  of  one  which  is  situated  initially  on  the  dawn 
side  of  the  polar  cap.  This  feature  will  convect  rapidly  equatorward, 
then  eastward,  missing  the  stagnation  point  and  crossing  the  dawn  meridian 
with  much  less  distortion  than  that  shown  in  Figure  II. D. 8.  Because  of 
the  rapid  convection  relative  to  a  large-scale  enhancement  that  convects 
along  the  equatorward  boundary  of  the  oval,  the  dawn-sector  enhancement 
should  be  much  less  common.  Radar  measurements  have  indicated  that  this 
is  the  case. 


f>.  Discussion  and  Summary 

We  have  examined  possible  source  mechanisms  for  medium-scale 
(tens  of  kilometers)  and  large-scale  (hundreds  of  kilometers)  ionization 
enhancements  in  the  nightside  auroral  F  region.  The  most  prominent  large- 
scale  features  in  the  Chatanika  radar  measurements  are  located  in  the  mid¬ 
night  sector  and  along  the  equatorward  boundary  of  the  oval.  Our  model¬ 
ling  indicates  that  both  of  these  features  could  be  produced  by  combining 
a  uniform  auroral  background  source  with  a  more  intense  and  localized 


source  in  the  region  of  the  Harang  discontinuity.  We  noted  that  the 
presence  of  a  strong  source  near  the  Harang  discontinuity  could  account 
for  some  of  the  smaller-scale  structure  within  large-scale  ionization  en¬ 
hancements  observed  at  earlier  local  times.  We  also  showed  that  lati- 
tudinally  narrow  ionization  enhancements  are  a  natural  consequence  of  the 
high-latitude  convection  pattern  even  without  a  localized  source  region. 

A  crucial  question  tfu  t  must  be  addressed  with  regard  to  iden¬ 
tification  of  an  F-region  source  is  which  type  of  energetic  electron 
energy  distributions  are  most  effective  for  producing  ionization  at  high 
altitudes.  Although  electrons  in  the  0. 1-to-l-keV  range  are  more  efficient 
in  depositing  energy  in  the  F  region,  substantially  more  energy  is  often 
carried  by  the  higher-energy  electrons.  These  higher-energy  particles 
deposit  most  of  their  energy  at  lower  altitudes,  but  some  fraction  of  the 
energy  is  deposited  in  the  F  region  as  well.  Thus,  auroral  arcs  may  pro¬ 
duce  F-region  enhancements  as  efficiently  as  polar-cusp  precipitation  that 
contains  fewer  high-energy  particles.  A  careful  modelling  of  the  altitude 
distribution  of  ionization  production  rate  for  various  input  electron 
spectra  is  required  to  address  this  problem.  Once  such  a  study  is  done, 
statistical  studies  of  the  characteristics  of  electron  precipitation  in 
the  auroral  oval  might  reveal  the  most  likely  location  of  enhanced 
ionization. 

In  our  modelling,  we  investigated  the  effects  of  source  regions 
at  the  poleward  and  equatorward  edges  of  the  auroral  oval  and  in  the  mid¬ 
night  sector  near  the  Harang  discontinuity.  The  results  indicated  that 
the  source  at  the  poleward  edge  of  the  auroral  oval  was  the  least  effec¬ 
tive  in  producing  large-scale  ionization  enhancements.  Evidence  for  the 
existence  of  this  source  region  was  presented  by  Eather  [1969],  who  argued 
that  the  enhanced  630.0-nm  emissions  observed  at  the  poleward  edge  of  the 
oval  were  produced  by  low-energy-particle  precipitation.  Eather  [1969] 
referred  to  this  as  the  "soft  zone."  The  poleward  edge  of  the  auroral 
oval  is  also  the  location  at  which  most  quiet  auroral  arcs  are  observed. 

As  noted  above,  the  inverted-V  precipitation  that  produces  auroral  arcs, 
also  contains  significant  fluxes  of  low-energy  electrons,  especially  at 


the  edges.  However,  even  though  the  premidnight,  poleward  boundary  of  the 
auroral  oval  may  be  an  important  source  of  low-energy  particle  precipita¬ 
tion,  our  modelling  indicates  that  plasma  crosses  this  region  too  quickly 
for  any  substantial  increase  in  F-region  ionization  to  occur.  The  west¬ 
ward  electric  field  in  auroral  arcs  is  typically  about  5  mV/m.  The  cor¬ 
responding  equatorward  drift  velocity  is  100  m/s.  Even  if  the  arc  is  100 
km  wide,  a  given  flux  tube  is  only  within  the  source  for  about  16  m.  This 
is  not  enough  time  for  an  appreciable  increase  in  F-region  ionization  un¬ 
less  the  source  is  very  intense.  In  contrast,  the  equatorward  drift 
through  the  Harang  discontinuity  is  much  slower.  This  is  not  a  unique 
feature  of  our  convection  model,  but  it  must  be  true  in  any  reasonable 
convection  model.  The  equatorward  drift  becomes  smaller  with  decreasing 
latitude  because  in  the  Harang  discontinuity  the  northward  electric  field 
decreases  with  local  time.  The  condition  V  *  E  =  0  ensures  that  the 
westward  electric  field  must  decrease  with  decreasing  latitude. 


An  argument  for  a  source  region  at  the  equatorward  boundary  of 
the  oval  can  be  made  on  the  basis  of  recent  observations  by  Tanskanen  et 
al.  [1981],  who  identified  intense  low-energy  electron  precipitation 
measured  by  the  DMSP  satellite.  Similar  observations  were  reported  by 
Schield  and  Frank  [1970],  who  examined  0G0  measurements  at  the  equatorward 
edge  of  plasma  sheet  precipitation.  However,  these  enhancements  are  not 
always  present,  and  until  information  is  available  about  the  frequency  of 
these  events,  their  effects  cannot  be  properly  evaluated.  As  we  have 
shown,  the  existence  of  an  ionization  enhancement  at  the  equatorward  edge 
of  the  auroral  oval  does  not  require  a  source.  In  fact,  these  enhance¬ 
ments  can  be  produced  by  two  other  mechanisms.  First,  we  showed  that 
uniform  precipitation  over  the  auroral  oval  produces  an  enhancement  along 
the  equatorward  boundary  because  flux  tubes  there  have  spent  a  longer  time 
within  the  source  region.  Second,  large-scale  plasma  enhancements  in  the 
polar  cap  can  convect  into  the  auroral  oval  and  become  tied  to  a  stagna¬ 
tion  point,  creating  a  semi-permament  ionization  feature  elongated  along 
the  boundary. 
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The  greater  efficiency  of  a  source  region  at  the  Harang  discon¬ 
tinuity  relative  to  the  sources  mentioned  above  is  a  result  of  two  factors 
First,  convection  is  slow  in  the  Harang  discontinuity,  thus  allowing  the 
precipitation  to  act  longer  on  the  F-region  plasma.  Second,  the  precipi¬ 
tation  associated  with  the  Harang  discontinuity  is  tied  to  the  convection 
pattern.  Thus,  although  the  overall  convection  pattern  may  change,  the 
precipitation  associated  with  the  Harang  discontinuity  will  change  loca¬ 
tion  accordingly.  In  an  average  sense,  this  favors  the  creation  of 
ionization  enhancements  near  midnight. 

The  ionization  source  in  the  Harang  discontinuity  acts  on 
plasma  convecting  out  of  the  polar  cap  from  the  dayside.  Thus,  the  ef¬ 
fects  of  this  source  are  modulated  by  the  level  of  ionization  in  the 
polar-cap  F  region.  De  la  Beaujardiere  et  al.  [1984]  studied  F-region 
plasma  measured  by  three  radars  at  different  local  times.  They  concluded 
that  there  was  a  strong  dependence  on  UT  in  the  level  of  F-region  ioniza¬ 
tion  owing  to  the  displacement  between  the  geographic  and  geomagntic 
poles.  Depending  on  the  geographic  location  of  the  observation,  F-region 
plasma  spends  varying  amounts  of  time  exposed  to  ionizing  solar  radiation. 
The  observation  of  this  dependence  on  UT  of  F-region  ionization  does  not 
preclude  the  existence  of  other  sources  acting  in  addition  to  photo¬ 
ionization.  It  is  unlikely  that  photoionization  acting  alone  can  produce 
the  medium-  and  large-scale  ionization  structures  observed  on  the  night- 
side.  However,  the  path  of  tlie  plasma  before  entering  the  midnight 
auroral  zone  must  influence  the  overall  level  of  ionization  on  which  the 
sources  act. 

The  small-scale  structure  that  is  observed  within  the  large- 
scale  ionization  enhancements  has  several  possible  sources.  The  effects 
of  various  plasma  instabilities  have  been  reviewed  by  Fejer  and  Kelley 
[1980],  The  possibility  that  structure  in  ionization  is  produced  directly 
by  structured  particle  precipitation  is  currently  being  examined  using 
data  from  the  HILAT  satellite.  The  two  mechanisms  proposed  here  do  not 
depend  on  plasma  instabilities  or  highly  structured  particle  precipi¬ 
tation.  In  one,  case  small-scale  latitudinal  structure  arises  out  of 


large-scale  longitudinal  variations  in  particle  precipitation  along  the 
Harang  discontinuity.  In  another  case,  small-scale  structure  is  produced 
when  a  large-scale  ionization  feature  drifts  into  regions  of  larger 
electric  field.  The  distinction  between  these  two  effects  is  that  one 
acts  on  standing  ionization  features  while  the  other  acts  on  transient 
ionization  features.  In  both,  the  high— latitude  convection  pattern  is 
crucial  in  determining  the  resulting  structure. 


SECTION  III 


MAGNETOSPHERIC  TURBULENCE— 

A  SOURCE  OF  HIGH-LATITUDE  PLASMA  STRUCTURE 

A.  The  Voltage-Current  Relationship  of  the  Magnetospheric  Generator 

It  has  been  proposed  on  theoretical  grounds  that  structure  in  the 
magnetospheric  convection  velocity  field  could  generate  structure  in  F- 
region  plasma  density  if  allowed  to  act  on  an  initial  horizontal  density 
gradient  Fejer  and  Kelley  [1980],  Vickrey  and  Kelley  [1983].  Such  hori¬ 
zontal  gradients  abound  in  the  high-latitude  ionosphere.  The  idea  is 
simply  that  electrostatic  structure  created  by  magnetosphere-solar  wind 
interactions  could  be  imposed  on  a  "passive"  F  region,  thereby  stirring 
the  plasma  and  interchanging  flux  tubes  of  varying  plasma  density.  By 
"passive,"  we  mean  that  the  F  region  contributes  little  to  flux  tube  in¬ 
tegrated  quantities  such  as  conductivity  and  inertia.  To  examine  this 
process  quantitatively,  we  have  conducted  a  series  of  experiments  and 
theoretical  studies  of  high-latitude  electrodynamic  structure  and  its  ef¬ 
fect  on  plasma  density  structure.  We  begin  by  examining  of  the  current- 
voltage  relat  onship  for  the  magnetospheric  generator  that  appears  to 
depend  on  scale  size. 

I .  Large  Scales 

Ionospheric  Pedersen  currents  are  dissipative  and  therefore, 
must  be  driven  by  a  source  that  is  presumably  located  in  the  magneto¬ 
sphere.  Measurements  of  the  Pedersen  current  can  be  used  to  study  that 
portion  of  the  ionospheric  currents  directly  driven  by  the  magnetospheric 
source.  However,  only  measurements  made  by  incoherent-scatter  radar  allow 
separation  of  the  current  into  Hall  and  Pedersen  components.  Ground-based 
magnetometers  respond  to  the  total  current. 
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We  have  combined  radar  measurements  of  electric  field  and  con¬ 
ductivity  with  a  simple  model  of  field-aligned  currents  to  deduce  a 
relationship  between  the  cross-polar-cap  potential-drop  and  the  resulting 
field-aligned  current  intensity.  The  model  is  shown  in  Figure  III.A.l, 
which  illustrates  a  pair  of  field-aligned  current  sheets  in  cross  section, 
along  with  the  ionospheric  closure  of  the  currents.  The  height-integrated 
Pedersen  current  in  region  B,  Jp ,  is  equal  to  the  field-aligned  current 
intensity  (in  A/km)  in  regions  A  and  C.  The  radar  measurements  that  we 
have  used  in  this  study  were  obtained  while  the  radar  scanned  in  elevation 
in  the  magnetic  meridian.  In  regions  A  and  C,  the  height-integrated 
Pedersen  current  is  less  than  J  ,  which  implies  that  the  maximum  Pedersen 
current  that  can  be  measured  by  the  radar  with  this  particular  current 
configuration  is  Jp  =  JQ. 

We  further  assume  in  this  model  that  the  current  depends  on 
the  cross-polar-cap  potential  drop  alone.  If  we  combine  all  measurements 
of  the  Pedersen  current  for  any  given  value  of  the  polar-cap  potential  drop, 
we  should  find  a  limiting  value  below  which  all  the  measurements  are  con¬ 
tained.  This  limiting  value  should  be  equal  to  JQ.  In  practice,  separ¬ 
ating  radar  data  according  to  the  polar  cap  potential  drop  is  difficult, 
because  this  information  is  not  always  available.  Instead,  we  sort  the 
data  according  to  Kp,  which  should  be  related  in  some  way  to  the  magneto- 
spheric  potential  because  it  is  a  measure  of  magnetic  activity.  In  Figure 
III. A. 2  we  show  plots  of  electric  field  versus  height  integrated  Pedersen 
conductivity  for  six  different  values  of  K^,.  The  plots  include  the  total 
number  of  data  points  that  are  included  in  each  Kp  range.  Over  200  hours 
of  elevation  scan  experiments  were  used  to  obtain  these  distributions. 

The  most  important  feature  to  note  in  Figure  III. A. 2  is  that 
the  electric  field  is  small  when  the  conductivity  is  high,  which  confirms 
the  idea  that  the  Pedersen  current  is  limited.  The  hyperbolas  in  Figure 
III. A. 2  were  drawn  in  each  case  to  contain  95  percent  of  the  data  points. 
The  equation  of  each  hyperbola  is  given  in  the  figure.  As  expected,  for 
higher  values  of  Kp  the  limiting  Pedersen  current  is  larger.  We  suggest 
that  the  limiting  value  is  the  quantity  referred  to  as  in  the  model 
above. 
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Figure  III.A.1.  Schematic  representation  of  the 
coupling  of  field-aligned-current 
regions  by  ionospheric  Pedersen 
currents. 

Figure  III. A. 3  shows  the  limiting  current  versus  Kp.  The  top 

of  each  bar  plotted  is  the  current  intensity  that  contains  93  percent  of 

the  data  for  each  value  of  K  .  The  bottom  of  each  bar  is  the  current  that 

F 

contains  H9  percent  of  the  data.  The  length  of  each  bar  thus  indicates 
the  uncertainty  in  the  value  of  the  limiting  current.  The  bars  are  longer 
for  those  Kp  values  that  contained  fewer  measurements.  A  least-squares 
fit  through  the  data,  weighted  according  tr  the  length  of  the  bars,  is 
shown  bv  the  straight  line  in  Figure  [IT. A. 3. 
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Figure  III.A.3. 


Statistical  relationship  between  the 
limiting  current  Jq  and  Kp. 


Relating  Kp  to  the  polar-cap  potential  drop  is  difficult  be¬ 


cause  Kp  is  a  three-hour  index.  However,  Reiff  et  al.  [1981]  used  AE-C, 


AE-D,  and  S3-3  satellite  electric-field  measurements  to  obtain  a  relation¬ 


ship  between  Kp  and  pola_-cap  potential  drop.  The  correlation  coefficient 


for  this  fit  was  0.55.  We  have  used  this  relationship  to  include  in 
Figure  III. A. 3  the  value  of  the  polar-cap  potential  drop. 


As  a  check  on  these  results  we  note  that  Iijima  and  Potemra 
[1978]  used  Triad  satellite  magnetometer  data  to  deduce  the  average  field- 
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aligned  current  intensity  for  Kp  values  between  2-  and  4+.  Their  results 
for  the  Region-1  current  sheets  (those  directly  linked  to  the  magneto- 
spheric  generator)  were  300  A/km  and  250  A/km  for  the  af ternoon-to- 
midnight  and  midnight-to-f orenoon  MLT  sectors,  respectively.  These  values 
agree  well  with  those  shown  in  Figure  III. A. 3. 

2.  Small  Scales 

As  mentioned  earlier  in  this  section,  plasma  density  structure 
may  be  produced  by  magnetospheric  electrostatic  structure  imposed  on  a 
plasma-density  gradient.  An  important  question  is  whether  or  not  this 
structure-production  mechanism  extends  down  to  scintillation  producing 
scales.  We  begin  this  investigation  by  presenting  evidence  from  a  noon- 
sector  coordinated  radar/HILAT  pass  that  structure  in  magnetospheric 
convection  produced  enhanced  scintillation  on  the  E  x  B  stable  side  of  an 
F-region  blob.  After  establishing  such  velocity  structure  as  a  source  of 
plasma-density  structure  (see  also  Section  III.C  for  a  separate  case 
study),  we  show  that  structure  in  the  convection  velocity  field  is  en¬ 
hanced  in  the  winter  hemisphere. 

By  combining  HILAT  and  Sondrestrom  measurements  we  are  able  to 
examine  in  detail  the  stability  of  measured  gradients  and  sort  out  pos¬ 
sible  candidates  for  structure  production  including  current-driven  and 
electric  field-driven  convective  instabilities.  Figure  III. A. 4  shows  the 
geometry  of  the  HILAT  trajectory  on  day  344  of  1983  (10  December).  Super¬ 
imposed  on  the  HILAT  trajectory  and  the  F-region  beacon  penetration  point 
in  geodetic  and  magnetic  coordinates  is  the  position  (at  350-km  altitude) 
scanned  by  the  Sondrestrom  radar.  Figure  III. A. 5  shows  the  altitudinal 
and  latitudinal  variations  of  electron  density  measured  by  the  radar  at 
the  time  of  the  HILAT  pass.  The  F-region  ionization  enhancement  at  71° 
appears  to  have  been  produced  by  an  enhanced  flux  of  soft  particles,  as 
can  be  seen  from  the  upper  panels  of  the  figure.  The  equatorward  directed 
density  gradient  was  quite  steep. 
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The  magnetometer,  beacon,  and  drift  meter  measurements  are 
shown  along  with  the  radar  measurements  in  Figure  III. A. 6.  We  see  that 
there  were  rather  intense  upward  and  downward  field-aligned  currents 
equatorward  of  the  steep  density  gradient.  However,  at  the  equatorward- 
directed  gradient  itself,  the  field-aligned  current  was  quite  small.  The 
rms  phase  scintillation  was  larger  on  the  equatorward  gradient  than  on  the 
poleward  gradient.  The  radar  measurements  of  ion  velocity  indicate  that 
the  meridional  component  of  velocity  was  between  300  and  700  m/s,  depend¬ 
ing  on  latitude.  If  we  assume  a  model  neutral  wind  [Quegan  et  al. ,  1982] 
of  approximately  50  m/s  northward,  we  find  that  the  E  x  B  instability 
would  not  be  operative  on  the  equatorward  gradient.  This  suggests  that 
the  linearly  stable  side  of  the  density  enhancement  is  associated  with  the 
small-scale  structure  in  plasma  density. 

The  ion  drift  meter  measurements  made  during  this  pass  are 
shown  in  the  third  panel  of  Figure  III. A. 6.  The  enhanced  scintillation 
occurs  where  the  zonal  drift  velocity  component  is  large  and  highly  struc¬ 
tured,  suggesting  that  in  this  particular  case,  the  small-scale  structure 
in  the  density  may  be  related  to  small-scale  structure  in  the  magnetos- 
pheric  convective  flow. 

To  investigate  structure  in  both  convective  flow  and  field- 
aligned  currents  in  a  quantitative  way,  we  have  examined  the  detrended 
standard  deviation  of  the  cross-track  velocity,  V^,  and  of  the  com¬ 
ponent  of  the  magnetometer  measurements.  Figures  III. A. 7(a)  through  (c) 
show  the  structure  of  the  component  of  the  magnetometer  for  selected 
high  elevation  angle  orbits.  Figures  III. A. 8(a)  through  (c)  show  struc¬ 
ture  in  the  cross-track  velocity.  The  quantities  plotted  are  the  square 

2  2 

root  of  the  integral  of  the  spectra  of  | AB^ |  and  | AV^ |  over  the  scale 
size  regime  between  80  and  30  km,  i.e., 

k  1/2 

| AV  I  (k)  dk  km/s 


oot-mean-square  variation  of  detrended  Y-component  magnetometer  data  from  HILAT 
n  the  scale-size  regime  80  to  30  km  for  high-elevation  angle  passes  over  Sondrestrom. 
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Figure  III.A.7  (Concluded). 
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Where  k^  =  2ir/80  km,  k^  =  2n/30  km 


In  both  figures,  the  data  are  plotted  in  invariant  latitude-corrected  MLT 

o 

coordinates.  The  rings  represent  10  intervals  of  invariant  latitude  from 
o 

50  to  the  pole.  The  passes  shown  here  are  the  same  as  those  presented  in 
Section  II. B.  in  which  the  seasonal  and  solar  cycle  variations  of  in  situ 
density  and  TEC  were  discussed.  Data  from  both  ascending  and  descending 
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Figure  IH.A.8#  Root-mean-square  variation  of  detrended  cross-track  velocity  measured  by  HILAT  in 
the  scale-size  regime  80  to  30  km  for  high-elevation  angle  passes  over  Sondrestrom. 


VELOCITY  STRUCTURE 


km/s 
>  0.07 

0.06  TO  0.07 
0.04  TO  0.06 
0.03  TO  0.04 
0.01  TO  0.03 
<  0.01 
NO  DATA 


Figure  HI. A. 8. (Concluded). 


node  passes  have  been  averaged  in  bins  of  15  min  of  corrected  magnetic  lo- 
o 

cal  time  and  1  of  invariant  latitude.  Only  those  passes  whose  maximum 

o 

elevation  angle  exceeds  45  are  shown.  This  reduces  the  ambiguity  in  any 

comparison  with  beacon  data.  Velocity  data  are  also  suppressed  if  the  in 
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situ  density  was  less  than  2  k  10  cm  because  the  data  becomes  noisy  at 
lower  densities. 

The  data  in  Figures  III. A. 7  show  a  persistent  enhancement  in  B, 

o 

structure  on  the  dayside  of  the  earth  between  approximately  70  and  75 
invariant  latitude.  The  amplitude  of  the  structure  in  B^ ,  which  is  a 
measure  of  the  field-aligned  current  intensity  in  this  scale-size  regime, 


does  not  seem  to  be  a  strong  function  of  season.  This  implies  that  in  the 
vicinity  of  the  dayside  cusp,  the  magnetosphere  tends  to  behave  as  a  con¬ 
stant  current  source — at  least  in  this  scale-size  regime.  As  discussed 
below,  this  has  dramatic  implications  for  the  seasonal  variations  of 
velocity  structure  and  scintillation. 

The  amplitude  of  velocity  structure  shown  in  Figures  ITl.A.fi(a) 
through  (c)  shows  very  strong  seasonal  variations.  In  the  summertime 
(Figure  III. A. 8(b),  the  velocity  structure  tends  to  maximize  in  the  same 
regions  where  the  structure  in  field-aligned  current  maximizes  [see  Figure 
III. A. 7(b)].  This  behavior  is  expected  because  the  ionospheric  conduc¬ 
tivity  in  the  summertime  is  very  uniform. 

In  a  quasi-neutral  plasma,  V  •  (oE)  =  0  at  any  point,  where  o 
is  the  local  conductivity  and  E  is  the  electric  field.  Integrating  in  al¬ 
titude  over  the  ionosphere  and  assuming  E  •  B  =  0  yields 

-i  =  EV  •  E  +  E-VE 

where  j  is  the  field-aligned  current  and  E.  is  the  height-integrated 
conductivity. 

In  the  summer,  the  E  region  is  uniformly  sunlit  and  relatively 
unstructured.  Therefore,  E  is  large,  and  VE  is  small.  Velocity  struc¬ 
ture,  represented  by  the  term  (V*E)  is  collocated  with  j  and  hence,  the 
By  structure.  In  the  wintertime,  the  conductivity  is  in  general  lower  and 
more  structured  because  precipitation-produced  ionization  dominates  over 
the  background.  Hence  large  velocity  structure  arises  in  the  winter  to 
maintain  divergence-free  current  flow  everywhere.  As  was  pointed  out  in 
Section  II. B  these  seasonal  trends  of  magnetospheric  electrostatic  struc¬ 
ture  should  tend  to  produce  higher  levels  of  scintillation  in  the  winter 
as  compared  to  summer. 


B.  Preliminary  Assessment  of  the  Effectiveness  of  F-Reglon 

Polarization  Electric  Fields  at  High  Latitudes 

In  this  section,  we  investigate  the  hypothesis  that  large-scale 
(«100-km)  plasma-density  enhancements  (or  "blobs")  found  in  the  auroral 
F  layer  become  structured  via  a  magnetic-flux-tube  interchange  (MFTI) 
process.  In  such  a  process,  plasma  structure  is  produced  when  spatially 
irregular  electric  fields  transport  higher-number-density  plasma  (from 
within  the  blob)  into  a  region  containing  lower-number-density  plasma  (the 
background  ionosphere),  and  vice  versa.  Direct  experimental  evidence  of 
this  process  can  be  obtained  by  measuring  concurrently  the  spatial  distri¬ 
butions  of  F-region  plasma  density  and  electric  field.  Using  the  tristatic 
EISCAT  radar  facility,  we  measured  these  quantities  in  a  two-dimensional 
plane  transverse  to  the  geomagnetic  field,  at  300-km  altitude.  We  show, 
in  a  case  study,  that  plasma-density  structure  found  along  the  poleward 
wall  of  a  blob  was  indeed  accompanied  by  similar  scale  variations  in  the 
ionospheric  electric  field,  and  that  the  sense  of  relative  motion  between 
high-  and  low-number-density  plasma  is  consistent  with  ongoing  structuring 

of  the  plasma  via  an  MFTI  process.  From  the  estimated  growth  rate  of 
-3  -1 

3  x  10  s  ,  the  observed  plasma  structure  could  have  been  produced  in 
several  minutes  by  the  irregular  pattern  in  the  electric  field.  The 
source  of  the  MFTI  process,  however,  is  not  clear.  The  MFTI  process  did 
not  appear  to  be  driven  by  F-region  polarization  electric  fields.  This 
conclusion  is  based  on  (1)  the  apparent  lack  of  inverse  correlation  be¬ 
tween  plasma  density  and  "slip"  velocity  (i.e.,  velocity  difference 
between  plasma  and  neutrals)  patterns  and  (2)  the  positive  growth  rate 
found  along  the  poleward  wall  of  the  blob  in  the  presence  of  a  westward 
Pedersen  current.  This  conclusion  excludes  (at  least  for  this  data  set) 
the  gradient-drift  and  current-convective  instabilities  as  primary  sources 
of  the  ongoing  structuring  process. 

1 .  Background 


The  existence  of  large-scale  plasma-density  enhancements,  or 


"blobs,"  in  the  auroral  F  layer  has  now  been  reported  by  a  number  of 


researchers  [e.g.,  Banks  et  al. ,  1974;  Vickrey  et  al.,  1980;  Kelley  et 

al» ,  1982a, b;  Robinson  et  al. ,  1982,  1984;  Tsunoda  and  Vickrey,  1985; 

Tsunoda  et  al. ,  1985;  Weber  et  al. ,  1984].  Although  the  source  mechanism 

for  producing  blobs  is  not  yet  known  with  any  certainty,  the  researchers 

above  have  suggested  soft-particle  precipitation  and  solar-produced 

ionization  as  possible  candidates.  Blob  dimensions  are  typically  100  km 

in  latitude,  a  few  hundred  kilometers  in  altitude  (along  geomagnetic  field 

lines),  and  several  to  many  hundreds  of  kilometers  in  longitude  (Section 

5  3 

II. D).  Peak  plasma  densities  in  these  enhancements  range  from  10  el/cm 

6  3 

during  solar-activity  minimum  to  more  than  10  el/cm  during  solar  ac¬ 
tivity  maximum. 

One  of  the  more  intriguing  features  of  the  auroral  F  layer  is 
that  kilometer-scale  (i.e.,  scintillation  producing)  plasma-density  irre¬ 
gularities  are  enhanced  in  the  vicinity  of  blobs.  This  observation 
naturally  points  to  the  plasma-density  gradient  associated  with  a  wall  of 
a  blob  and  the  ionospheric  electric  field  as  sources  of  free  energy  for 
further  irregularity  production  at  scale  sizes  smaller  than  the  blob 
itself.  In  other  words,  it  is  tempting  to  envision  an  irregularity  cas¬ 
cade  process  [e.g.,  Kelley  et  al. ,  1982c]  in  which  smaller-scale  irregu¬ 
larities  are  produced  by  the  fragmentation  of  larger-scale  irregularities, 
of  which  the  blob  represents  the  largest  scale  size.  For  example,  Vickrey 
et  al.  [1980]  found  that  locally  intense,  radio-wave  scintillations  were 
associated  with  blobs.  They  suggested  that  localized  kilometer-scale  ir¬ 
regularities  (in  plasma  density)  responsible  for  scintillations  were 
produced  by  current  convective  [Ossakow  and  Chaturvedi,  1979]  and 
gradient-drift  instabilities  acting  on  the  walls  of  blobs  [Simon,  1963; 
Linson  and  Workman,  1970;  Keskinen  and  Ossakow,  1982a, b]. 

If  such  an  irregularity  cascade  process  (e.g.,  driven  by  the 
gradient-drift  instability)  is  operative  along  the  wall  of  a  blob,  it 
would  be  desirable  to  characterize  that  structure  in  such  a  way  that  the 
source  mechanism  could  be  identified.  The  gradient-drift  instability  is 
an  MFTI  process  that  produces  a  structured  pattern  in  plasma  density  that 
is  most  apparent  when  viewed  in  a  two-dimensional  plane  transverse  to  the 
geomagnetic  field  (at  F-region  altitudes).  In  fact,  computer  simulations 
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of  this  instability  process  are  most  often  illustrated  in  this  plane 
[e.g.,  Keskinen  and  Ossakow,  1982a, b].  The  only  known  technique  for  ob¬ 
taining  the  plasma-density  distribution  in  more  than  one  dimension  is 
incoherent-scatter  radar.  Even  with  this  technique,  it  is  extremely  dif¬ 
ficult  to  separate  spatial  variations  from  temporal  variations,  especially 
if  we  attempt  to  map  a  large  volume  of  space  with  the  radar. 

Tsunoda  and  Vickrey  [1985]  used  a  different  approach  to  this 
problem  of  minimizing  ambiguity  between  spatial  and  temporal  variations. 

By  operating  the  Chatanika  incoherent-scatter  radar  in  a  rapid  meridian- 
scan  mode,  and  by  allowing  a  blob  to  convect  zonally  through  the  scanned 
sector,  they  were  able  to  reconstruct  two-dimensional  cross-sections  of  a 
blob  at  several  altitudes  in  planes  transverse  to  the  geomagnetic  field. 
This  "bread-slicing"  technique  of  mapping  the  three-dimensional  configura¬ 
tion  of  a  blob  is  thought  to  be  a  valid  approach  because  plasma  in  the  F 
layer  is  virtually  incompressible  and  its  spatial  distribution  is  domin¬ 
ated  by  the  convection,  not  production  and  loss.  This  is  certainly  the 
case  for  the  time  scales  (2  to  5  min)  associated  with  the  bread-slicing 
technique.  Tsunoda  and  Vickrey  [1985]  showed  in  a  case  study  that  a  blob 
was  indeed  structured  as  a  function  of  longitude  along  one  wall,  and  that 
the  measured  neutral  wind  directed  out  of  that  wall  was  consistent  with 
the  required  driver  for  the  gradient-drift  instability. 

Despite  the  circumstantial  evidence  presented  thus  far  [Vickrey 
et  al. ,  1980;  Tsunoda  and  Vickrey,  1985]  in  support  of  the  gradient-drift 
and  current-convective  instabilities  operating  in  the  auroral  F-region 
ionosphere,  serious  questions  remain  about  their  effective  growth  rate  for 
irregularity  production  because  a  highly  conducting,  auroral  E  layer  is 
often  present  beneath  blobs.  It  is  well  known  that  polarization  electric 
fields  set  up  by  these  instabilities  can  be  short-circuited  by  closure 
currents  through  a  conducting  E  layer  [e.g.,  Haerendel  et  al.,  1967,  1969; 
Volk  and  Haerendel,  1971;  Shiau  and  Simon,  1974;  Vickrey  and  Kelley,  1982]. 
For  example,  Vickrey  et  al.  [1980]  estimate  that  the  ratio  of  height- 
integrated  Pedersen  conductivity  (or  Pedersen  conductance)  in  the  E  layer 
to  that  in  the  F  layer  was  (in  their  case)  about  100.  Because  the  auroral 
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E  layer  is  almost  always  present  beneath  F-region  blobs,  the  possibility 
of  polarization  shorting  cannot  be  ignored. 

The  irregularity  growth  rates  of  these  instabilities  can  be 
further  reduced  (even  in  the  case  of  partial  current  closure)  by  velocity- 
shear  effects  produced  by  an  electric  field  component  parallel  to  the 
plasma  density  gradient  [e.g.,  Perkins  and  Doles,  1975;  Zalesak  et  al. , 
1982],  North-south  electric  fields  that  are  parallel  to  plasma-density 
gradients  of  east-west-aligned  blobs  commonly  occur  in  the  auroral  iono¬ 
sphere.  In  fact,  north-south  electric  fields  dominate  over  east-west 
electric  fields  in  the  evening  and  morning  sectors  where  convective  flow 
is  almost  purely  zonal. 

Given  that  the  effect  of  F-region  polarization  electric  fields 
is  susceptible  to  significant  reduction  by  E-region  shorting  (and  velocity 
shear),  we  should  (1)  not  accept  proposed  mechanisms  for  irregularity  pro¬ 
duction  in  the  auroral  F  region  (such  as  the  gradient-drift  and  current- 
convective  instabilities)  without  definitive  evidence,  and  (2)  give  consi¬ 
deration  to  other  sources  of  plasma  structure  in  blobs.  Because  MFTI  act¬ 
ing  on  an  existing  plasma-density  gradient  is  by  far  the  most  efficient 
process  for  producing  strong  irregularities,  a  first  step  is  to  consider 
other  sources  of  irregular  electric  fields.  Other  sources  include  mag- 
netospheric  turbulence,  E-region  polarization  effects,  and  field-aligned 
currents. 

It  seems  clear,  therefore,  that  we  need  to  establish  (1) 
whether  MFTI  from  irregular  electric  fields  is  indeed  a  viable  means  of 
producing  plasma  structure  along  a  blob  wall,  and  (2)  if  so,  whether  those 
irregular  electric  fields  are  generated  by  F-region  polarization  effects. 

A  direct  means  of  determining  whether  an  MFTI  process  operates  to  produce 
blob  structure  is  to  measure  the  two-dimensional  spatial  pattern  of  plasma 
drift  that  accompanies  a  structured  plasma-density  distribution.  If  MFTI 
operates  as  a  structuring  mechanism,  there  should  be  (1)  different  plasma- 
drift  velocities  associated  with  lower  and  higher  number-density  regions, 
and  (2)  relative  motion  such  that  high-number-density  regions  move  toward 
low  number-density  regions,  and  vice  versa.  Finally,  if  F-region  polari- 

108 


W 
*  - 


zation  effects  are  responsible  for  the  MFTI,  the  slip  velocity  should  be 
inversely  correlated  with  plasma  density. 

An  important  distinction  that  makes  the  above  requirements 
amenable  to  experimental  verification  is  that  those  requirements  are  valid 
regardless  of  the  time  history  of  observed  plasma  structure.  It  does  not 
matter  what  the  original  source  of  structure  was  before  observation.  The 
above  requirements,  therefore,  can  be  used  to  verify  MFTI  as  an  ongoing 
structuring  process  and  to  determine  the  presence  or  absence  (at  the  time 
of  measurement)  of  F-region  polarization  electric  fields. 

Here,  we  present  the  first  results  from  an  experiment  specifi¬ 
cally  designed  to  obtain  the  above  information.  Using  data  collected  with 
the  tristatic  EISCAT  radar  facility,  we  show  that  MFTI  was  acting  (during 
the  observation  period)  on  the  poleward  wall  of  a  blob  to  produce  struc¬ 
ture.  The  estimated  growth  rate  appeared  to  be  rapid  enough  to  have  pro¬ 
duced  the  observed  structure  in  several  minutes.  We  also  show  that  the 
ongoing  MFTI  process  could  not  have  been  controlled  by  F-region  polariza¬ 
tion  electric  fields,  and  conclude  on  that  basis  that  neither  the 
gradient-drift  nor  current-convective  instability  was  active  during  the 
observation  period.  We  suggest  that  the  absence  of  the  effects  of  F- 
region  polarization  can  be  attributed  to  the  presence  of  a  highly  conduc¬ 
ting  E  layer.  More  cases,  however,  need  to  be  analyzed  before  we  can  dis¬ 
count,  in  general,  the  role  of  F-region  polarization  fields  in  blob¬ 
structuring. 

2.  The  experiment 

During  a  recent  Swedish  EISCAT  campaign  (24  February  to  15 
March  1984),  three  two-hour  experiments  were  conducted  to  determine  (1) 
blob  structure  in  a  plane  transverse  to  the  geomagnetic  field  and  (2)  the 
associated  plasma-neutral  dynamics.  Each  of  the  three  experiments  were 
centered  on  times  of  closest  approach  of  HILAT.  Satellite  pass  times  in 
the  vicinity  of  the  EISCAT  radar  facility  varied  between  220D  and  2230  UT. 
[Local  solar  time  (LST )  is  ahead  of  UT  by  1  hour,  28  min  at  the  center  of 
the  scanned  sector.]  Data  were  collected  on  24,  25,  and  29  February  1984. 
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Geomagnetic  activity  was  generally  rather  low,  with  the  highest  activity 
on  25  February. 

The  object  of  these  experiments  was  measuring  both  the  F-region 
plasma  density  and  electric  field  locally,  as  a  function  of  latitude  and 
longitude.  Because  zonal  convective  flow  usually  dominates  plasma  motion 
in  the  auroral  zone,  we  designed  an  antenna  scan  pattern  so  that  longi¬ 
tudinal  information  could  be  inferred  from  the  time-space  conversion.  In 
this  sense,  the  approach  is  similar  to  that  used  by  Tsunoda  and  Vickrey 
[1985].  The  key  difference  from  Tsunoda  and  Vickrey  [1985]  is  that  EISCAT 
is  able  to  measure  the  local  electric-field  vector,  not  simply  the  line- 
of-sight  velocity.  This  capability  allows  us  to  test  whether  an  MFTI 
process  is  operating  or  not.  In  addition,  we  can  estimate  the  relative 
drift  (or  slip)  velocity  between  ions  and  neutrals.  Originally,  we  wanted 
to  use  a  Fabry-Perot  interferometer  to  measure  the  F-region  neutral  wind. 
Unfortunately,  the  skies  were  cloudy.  For  this  reason,  we  have  estimated 
the  neutral  wind  from  incoherent-scatter  measurements  only.  The  analysis 
technique  is  described  later  in  this  section. 

The  EISCAT  system  is  described  by  Folkestad  et  al. ,  1983.  The 

"scan"  geometry  is  shown  in  Figure  III.B.l.  The  scan  consisted  of  eight 

o 

fixed  positions  spaced  0.25  in  geographic  latitude;  the  total  coverage 

o 

was  approximately  65  to  67  in  invariant  latitude.  The  scan  meridian  in 
Figure  III.B.l  is  displaced  to  the  east  of  Tromso;  the  displacement  was 
chosen  to  improve  the  signal-to-noise  (SNR)  ratio  of  the  incoherent- 
scatter  returns  received  at  Sodankyla.  The  geometry  also  allows  for 
comparable  accuracies  in  the  estimate  of  all  three  velocity  components. 

The  radar  measurements  were  made  as  follows.  As  the  antenna 

was  step-scanned  from  north  to  south,  data  were  recorded  for  25  s  at  each 

of  the  eight  antenna-dwe 11  positions.  The  total  scan  cycle  was  5  min 

10  s,  including  the  times  to  move  between  dwell  positions.  Two  waveforms 

were  used;  a  200-ps  pulsewidth  (30-km  range  resolution)  for  monostatic 

reception  at  Tromso,  and  a  700-ps  pulsewidth  for  bistatic  reception  at 

Kiruna  and  Sodankyla.  [Note  that  in  bistatic  reception,  the  intersecting 

o 

antenna  beamwidths  (0.6  )  rather  than  pulsewidth  determine  range  resolu¬ 
tion.]  Ten  autocorrelation  functions  (ACF)  were  computed  at  Tromso, 
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Figure  III.B.1.  The  EISCAT  meridian-scan  geometry 
showing  the  eight  dwell  positions  at 
300-km  altitude. 


starting  at  150-km  range  and  at  30-km  intervals.  A  single  ACF  was  com¬ 
puted  at  each  of  the  remote  sites,  centered  at  an  altitude  of  300  km. 

Because  F-region  neutral  wind  mesurements  from  the  concur¬ 
rently  operated  Fabry-Perot  interferometer  were  not  available,  we  extrac¬ 
ted  neutral-wind  estimates  from  incoherent-scatter  measurements.  The 
technique  for  deriving  the  meridional  component  of  the  neutral  wind  has 
been  described  in  detail  by  Evans  [1971],  Amayenc  and  Vasseur  [1972],  and 
Wickwar  et  al.  ( 1 984 ] .  The  technique  basically  consists  of  using  measure¬ 
ments  of  plasma  drift  along  geomagnetic  field  lines,  correcting  for 
ambipolar  diffusion,  and  solving  for  the  meridional  wind;  a  horizontal 
wind  is  assumed  responsible  for  plasma  motion  parallel  to  B  through  ion 
drag.  Although  actual  parallel  measurements  are  best  for  this  purpose, 
the  tristatic  measurements  used  here  provide  reasonable  estimates  of 
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parallel  drift.  More  importantly,  three-component  ion-velocity  measure¬ 
ments  allow  us  to  compute  the  meridional  neutral  wind  as  a  function  of 
latitude.  Comparisons  of  radar-derived  meridional  neutral  wind  with 
Fabry-Perot  interferometer  measurements  have  shown  very  good  agreement 
[e.g.,  Nagy  et  al. ,  1974;  Rees  et  al. ,  1984;  Wickwar  et  al. ,  1984]. 

Determination  of  the  zonal  component  of  the  F-region  neutral 
wind  is  considerably  more  involved  than  that  for  the  meridional  component. 
Bates  and  Roberts  [1977b]  have  demonstrated  that  it  is  possible  to  esti¬ 
mate  the  zonal  component  from  the  ion-energy  equation.  The  energy  equa¬ 
tion  requires  knowledge  of  the  ion  and  neutral  temperatures  as  well  as 
other  components  of  the  plasma  drift  velocity.  If  we  assume  that  electron 
heating  is  small  and  use  a  model  value  for  the  neutral  temperature,  we  can 
solve  a  quadratic  equation  for  the  zonal  neutral  wind.  Bates  [1978]  has 
shown  that  the  model  neutral  temperature  is  a  reasonable  approximation 
even  during  a  heating  event. 

This  technique  has  been  refined  and  tested  by  Rees  et  al. 

[1984]  and  Haggstrom  et  al.  [1984]  on  data  taken  simultaneously  by  EISCAT 
and  a  630-nm  Fabry-Perot  interferometer.  They  have  included  electron 
heating  of  the  ion  gas  and  the  effects  of  a  bi-Maxwellian  distribution 
that  can  occur  under  conditions  of  large  electric  fields  [e.g.,  St.~ 
Maurlce  and  Hanson,  1982].  Rees  et  al.  [1984]  and  Haggstrom  et  al.  [1984] 
found  good  agreement  in  both  components  of  the  neutral  wind  measured  by 
the  two  techniques.  Significant  error  in  the  radar  estimate  of  the  zonal 
neutral  wind  occurred  only  at  times  when  there  were  large  increases  in  the 
neutral  temperature  (both  used  the  MSIS  model  values  [Hedin  et  al. ,  1977] 
for  the  neutral  temperature).  We  show  below  that  large  increases  in  the 
neutral  temperature  do  not  seem  to  have  occurred  during  the  event  under 
study.  The  analysis  program  used  by  Rees  et  al.  [1984]  and  Haggstrom  et 
al.  [1984]  has  been  used  here  to  estimate  the  neutral  wind-vector. 

3.  Results 


The  results  are  presented  in  two  parts.  We  first  present  an 
overview  of  magnetic  and  ionospheric  conditions  that  occurred  during  the 


experiment.  We  then  describe  the  temporal  behavior  of  mean  electro¬ 
dynamic  parameters  (plasma  drift,  neutral  wind  and  slip  velocity)  assoc¬ 
iated  with  an  isolated  negative  bay  event  that  was  centered  in  our  obser¬ 
vation  period.  Because  of  similarities  found  between  the  negative  bay 
event  and  an  auroral  substorm  [e.g.,  Gurnett  and  Akasofu,  1974;  Lassen  et 
al. ,  1977],  we  have  ordered  our  results  according  to  substorm  phase.  We 
find  that  the  mean  slip  velocity  (needed  to  drive  the  gradient-drift 
instability)  was  small  during  the  growth  phase  but  increased  to  large 
values  with  a  generally  poleward  direction  during  the  peak  and  recovery 
phases.  These  are  unfavorable  conditions  for  ongoing  structuring  via  F- 
region  polarization  effects  along  the  poleward  wall  of  a  blob. 

In  Section  3.b  we  consider  detailed  spatial  relationships  be¬ 
tween  plasma  and  electrodynaraic  parameters  in  evaluating  the  roles  of  MFTI 
and  the  effects  of  F-region  polarization  during  the  measurement  period. 

We  present  two-dimensional  patterns  of  plasma  density,  velocities,  and 
temperatures  in  a  plane  transverse  to  the  geomagnetic  field  and  point  out 
observed  correlations.  We  show  that  MFTI  was  causing  the  plasma  to  struc¬ 
ture  along  the  poleward  wall  of  a  blob,  but  that  F-region  polarization 
electric  fields  were  not  driving  the  MFTI.  The  absence  of  F-region  polar¬ 
ization  effects  is  attributed  to  the  presence  of  a  conducting  E  layer. 

The  unambiguous  existence  of  spatially  (rather  than  temporally)  irregular 
electric  fields  that  may  have  driven  the  MFTI  process  is  demonstrated  by 
examining  the  eastward  component  of  plasma  drift  measured  simultaneously 
at  several  closely  spaced  longitudes.  The  fact  that  irregular  electric 
fields  existed  in  the  absence  of  F-region  polarization  effects  implies 
that  the  irregular  electric  fields  must  be  driven  by  some  source  other 
than  gradient-drift  instability,  such  as  magnetospheric  turbulence,  or  E- 
region  polarization  effects. 


Overview  of  Mean  Electrodynamic  Parameters 


1 )  Geomagnetic  Conditions 


For  an  overview,  we  use  magnetograms  obtained  at 
Kiruna  to  characterize  magnetic  conditions  during  the  experiment.  (Cloudy 
skies  prevented  ground-based  optical  coverage  for  this  period.)  The  period 
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of  interest  is  between  2100  and  2300  UT  on  25  February  1984.  The  Kiruna 
magnetogram  showed  magnetically  quiet  conditions  six  hours  before  the  ex¬ 
periment  and  10  hours  after  completion  of  the  experiment.  This  period  of 
prolonged  magnetic  quiescence  was  interrupted  by  a  single  isolated  nega¬ 
tive  bay,  centered  within  the  two-hour  period  of  the  experiment. 

An  eight-hour  segment  of  the  magnetogram  centered 
on  the  experiment  is  presented  in  Figure  III.B.2.  The  X,  Y,  and  Z  compo¬ 
nents  of  the  magnetic  perturbations  correspond  to  geographic  north,  east, 

o 

and  vertically  down  directions,  respectively.  (Geomagnetic  north  is  12 
west  of  geographic  north.)  The  negative  bay,  seen  in  the  X  component,  can 
be  characterized  by  three  phases:  (1)  a  growth  phase  that  started  around 
2100  UT,  (2)  a  peak  phase  when  the  magnetic  perturbation  reached  a  maximum 
value  of  -130  y  around  2140  UT,  and  (3)  a  recovery  phase  that  lasted  from 
2200  UT  to  around  2300  UT.  The  negative  bay  was  produced  by  a  westward 
electrojet  flowing  in  the  auroral  E  layer.  The  positive  Y  component 
reflects  the  extent  to  which  the  westward  electrojet  direction  was  rotated 
south  of  geographic  west.  The  negative  Z  component  indicates  that  the 
centroid  of  auroral  current  was  situated  poleward  of  Kiruna.  Combining 
the  X  and  Y  components,  we  find  that  the  maximum  horizontal  perturbation 
vector  during  the  peak  phase  (at  2150  UT)  was  -170  y,  directed  28  east  of 
geomagnetic  south.  We  compare  this  magnetic  perturbation  vector  to  the 
mean  plasma  drift  velocity  described  below. 

Mean  electrodynamic  parameters  were  extracted  from 
EISCAT  data  taken  during  17  meridian  scans,  starting  at  2115:42  UT  (Scan 
l)  and  ending  at  2242:12  UT  (Scan  17).  We  see  from  Figure  III.B.2  that 
this  period  essentially  brackets  the  three  phases  of  the  negative  bay 
event.  The  mean  plasma  drift  velocity  was  computed  by  averaging  drift 
velocities  from  the  eight  antenna  positions  in  a  given  scan.  Similar  com¬ 
putations  were  made  for  the  mean  neutral  wind  and  mean  slip  velocity.  The 
three  mean  velocity  vectors  are  presented  as  a  function  of  scan  number  in 
Figure  III.B.3,  with  their  azimuthal  directions  shown  in  the  top  panel  and 
their  magnitudes  shown  in  the  bottom  panel.  Magnetic  east  is  shown  in  the 
top  panel  by  a  horizontal  line. 
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Figure  III.B.2.  Kiruna  magnetogram  showing  the  isolated 
negative  bay  that  occurred  during  the 
EISCAT  experiment. 

The  mean  plasma  drift  velocity  varied  in  concert 
with  the  phases  of  the  negative  bay  event.  The  drift  speed  decreased  from 
436  m/s  in  Scan  1  down  to  183  m/s  in  scan  2,  before  recovery  to  394  m/s  in 
Scan  5.  This  temporary  decline  in  drift  speed  is  closely  followed  by  a 
southward  turning  of  the  plasma  drift  vector  (between  Scans  2  and  3).  The 
southward  turning  of  the  drift  velocity  during  the  growth  phase  of  the 
negative  bay  is  similar  to  the  development  of  a  westward  electric  field 
during  the  growth  phase  of  an  auroral  substorra  [e.g.,  Gurnett  and  Akasofu, 
1974;  Rino  et  al . ,  1974;  Lassen  et  al. ,  1977], 

During  the  peak  and  recovery  phases  (Scans  3 
through  17),  only  the  direction  of  mean  plasma  drift  appeared  to  display 
substorm-related  behavior.  As  its  speed  decreased  more  or  less  monotoni- 
cally  through  this  period,  the  plasma  drift  vector  rotated  from  a  south¬ 
eastward  direction  back  toward  magnetic  east  (Scans  9  to  11)  and  remained 
there  throughout  the  recovery  phase.  The  southeastward  direction  of  the 
plasma  drift  vector  therefore  is  identified  with  the  growth  and  peak 
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phases  of  the  negative  bay  event,  and  a  purely  eastward  drift  is  as¬ 
sociated  with  the  recovery  phase. 


Given  the  mean  plasma  drift  in  the  F  region  and  the 
magnitude  of  magnetic  disturbance,  we  can  estimate  the  conductance  of  the 


E  region.  At  2150  UT  (during  the  peak  phase),  the  drift  velocity  was  270 


.  v_v 

m/s  directed  at  -50  south  of  geomagnetic  west.  For  a  magnetic  perturba¬ 


tion  vector  that  was  -170  y  directed  28  east  of  geomagnetic  south,  the 


average  current  vector  must  have  been  directed  12  clockwise  of  the 
electric  field  vector.  This  implies  that  the  Pedersen  conductance  was 
about  4.7  times  greater  than  that  of  the  Hall  conductance.  This  ratio  is 
extremely  high  and  implies  an  average  energy  of  precipitating  electrons 
that  is  less  than  1  keV  [e.g.,  Spiro  et  al. ,  1982].  If  we  use  an  infinite 
current-sheet  approximation,  we  obtain  a  Pedersen  conductance  of  20  mhos. 

2 )  Mean  Neutral  Wind 

The  mean  neutral  wind  in  Figure  III.B.3  displays 
time-varying  characteristics  that  are  not  simply  related  to  the  plasma 
drift  velocity  variations  described  in  the  previous  section.  During  the 
growth  phase,  the  neutral  wind  tracked  the  plasma  drift  velocity  very 
closely.  Both  the  substorm-related,  southward  turning  of  the  plasma  drift 
vector  and  the  temporary  decline  in  speed  are  reflected  in  the  neutral 
wind.  This  behavior  implies  strong  coupling  of  the  neutrals  to  the  plasma 
and  dominance  of  nearby  convection  electric  fields  over  pressure  gradients 
as  the  source  of  the  neutral  wind.  The  response  time  of  neutrals  to 
changes  in  plasma  motion  is  about  an  hour  for  typical  plasma  densities  at 
300-km  altitude  [Fedder  and  Banks,  1972].  Close  tracking  of  the  plasma  by 
neutrals,  therefore,  suggests  the  absence  (or  relative  ineffectiveness)  of 
other  transient  or  spatially  varying  forces  on  the  neutral  gas  during  the 
prolonged  period  of  magnetic  quiescence  that  preceded  substorm  activity. 

The  peak-phase  negative  bay  onset  was  followed 
(within  10  min)  by  a  substantial  increase  in  the  mean  neutral  wind  speed, 
reaching  750  m/s  during  Scan  7.  The  direction  of  the  neutral  wind 
remained  unchanged  during  this  surge.  This  "gust"  of  neutral  wind  lasted 
about  20  min  and  was  not  preceded  nor  accompanied  by  a  locally  large 
plasma  drift  velocity.  The  wind  source,  therefore,  was  (1)  situated 
around  magnetic  midnight,  (2)  located  poleward  of  the  EISCAT  field  of 
view,  and  (3)  configured  in  the  form  of  a  narrow  channel  of  large  antisun- 
ward  convection  velocity  or  heat  source. 

The  behavior  of  the  mean  neutral  wind  toward  the 
end  of  the  peak  phase  and  the  start  of  the  recovery  phase  d i ci  not  reflect 


Che  strong  coupling  to  plasma  drift  seen  during  the  growth  phase.  As  the 
plasma  drift  vector  changed  from  a  southerly  direction  back  toward  mag¬ 
netic  east,  the  neutral  wind  did  not  track  the  rotating  plasma  drift 
vector.  Instead,  it  remained  in  a  southerly  direction.  This  behavior  can 
be  understood  if  we  recognize  that  the  ion-neutral  interaction  is  not  a 
reciprocal  process.  While  the  neutrals  are  freely  moved  (with  a  time  con¬ 
stant  of  several  tens  of  min)  by  plasma  convection,  the  plasma  cannot  be 
moved  across  magnetic  field  lines  by  the  frictional  ion  drag  applied  by  a 
neutral  wind. 

A  southward  surge  of  the  neutral  wind  in  the  mid¬ 
night  sector  of  the  auroral  zone  appears  to  be  a  common  feature  [Nagy 

et  al. ,  1974;  Bates  and  Roberts,  1977a;  Hays  et  al. ,  1979;  Roble  et  al. , 
1982;  Wickwar  et  al. ,  1984].  Because  of  its  consistent  occurrence  around 
magnetic  midnight,  the  southward  surge  does  not  necessarily  seem  to  be  re¬ 
lated  to  substorms.  From  observed  characteristics,  the  source  of  the 
midnight  surge  is  likely  to  be  ion  drag  by  antisolar  convection  in  the 
polar  cap.  The  high  wind  speed  seen  in  our  data  without  locally  large 
plasma  drift  is  consistent  with  that  hypothesis. 

The  wind  speed  in  the  midnight  surge  has  also  been 

shown  to  be  related  indirectly  to  the  strength  of  the  polar  cap  electric 

field.  Bates  and  Roberts  [1977a]  have  shown  that  the  logarithm  of  wind 
speed  is  directly  proportional  to  the  magnetic  Kp  index.  For  Kp  =  3 
(i.e.,  conditions  during  the  experiment),  a  wind  speed  of  770  m/s  would  be 
predicted  by  their  empirical  relationship.  Our  measured  wind  was  750  m/s, 
in  excellent  agreement  with  that  prediction. 

An  alternate  explanation,  however,  for  the  short¬ 
lived  gust  in  neutral  wind  seen  during  Scan  7  is  the  transient  occurrence 
of  a  vertical  wind.  Bates  and  Roberts  [1977a]  and  Wickwar  et  al.  [1984] 
have  suggested  that  at  least  some  of  the  apparently  large  surges  in  the 
meridional  neutral  wind  (estimated  from  incoherent- scatter  observations) 
may  be  produced  by  atmospheric  gravity  waves.  The  notion  of  gravity-wave 
influence  on  computed  winds  is  supported  by  the  recurrence  of  another  peak 
in  wind  speed  during  Scan  13  (see  Figure  II1.B.3). 
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The  possibility  of  gravity-wave  contamination  of 
our  neutral  wind  estimates  seems  to  be  discounted,  however,  by  the  tem¬ 
poral  behavior  of  the  F-layer  peak.  We  show  below  that  the  F-layer  peak 
altitude  moved  upward  with  development  of  the  southward  surge.  More  im¬ 
portantly,  upward  movement  of  the  peak  altitude  occurred  simultaneously 
over  several  degrees  of  latitude.  This  widespread  lifting  of  the  F  layer 
is  more  consistent  with  a  southward  neutral  wind  than  the  passage  of  an 
atmospheric  gravity. 

3 )  Slip  Velocity 

The  dynamic  interaction  of  plasma  with  neutral  gas 
is  best  described  by  the  slip  velocity  vector  that  is  plotted  in  Figure 
III.B.3.  As  might  be  expected  from  the  above  description,  the  slip  speed 
was  small  during  the  growth  phase.  The  slip  speed  increased  rather 
abruptly  during  Scan  7  because  of  the  large  southward  surge  in  neutral 
wind.  The  slip  speed  remained  above  250  m/s  during  the  remainder  of  the 
scans,  with  relative  maxima  occurring  in  Scans  7  and  13.  Throughout  this 
period,  the  slip  velocity  vector  was  magnetically  directed  northeast. 

From  the  behavior  of  the  mean  slip  velocity,  we  can 
draw  some  conclusions  regarding  the  expected  plasma  structuring  process. 

If  we  assume  the  blob  is  elongated  in  longitude,  the  gradient-drift  in¬ 
stability  can  only  weakly  be  operative  during  the  growth  phase  of  the 
negative  bay.  The  large  poleward-directed  slip  velocities  that  existed 
during  the  peak  and  recovery  phases  suggests  structuring  (damping)  along 
the  equatorward  (poleward)  wall  of  the  longitudinally  elongated  blob. 

4 )  Plasma  Density  Profiles 

The  analysis  up  to  this  point  has  focused  on 
characteristics  of  mean  electrodynamic  parameters.  We  also  require  some 
knowledge  of  the  plasma  parameters,  i.e.,  plasma  density,  electron  and  ion 
temperatures.  It  is  desirable  to  estimate  E-region  Pedersen  conductance, 
as  a  function  of  substorm  phase.  Also  because  of  the  importance  of 
neutral  wind  characteristics  to  the  conclusions  drawn  regarding  F-region 


polarization  effects,  it  is  desirable  to  cross-check  those  measurements 
wherever  possible. 

The  plasma-density  profiles  measured  at  Tromso 

during  Scans  1,  7,  and  17,  are  presented  in  Figure  III.B.4.  The  abscissa 

scale  for  each  set  of  profiles  is  referenced  to  a  nearby  vertical  line 
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that  corresponds  to  10  el/cm  for  that  data  set.  Although  these  profiles 
were  obtained  along  nonvertical  lines  of  sight  from  Tromso,  they  are  use¬ 
ful  as  general  descriptors  of  plasma  density  distribution  in  altitude.  We 
use  profiles  from  Scan  1  as  representative  of  the  growth  phase,  those  from 
Scan  7  as  representative  of  the  peak  phase,  and  those  from  Scan  17  as  rep¬ 
resentative  of  the  recovery  phase. 

We  first  use  the  plasma-density  profiles  to  deter¬ 
mine  the  morphology  of  keV  electron  precipitation.  The  description,  in 
this  case,  is  limited  to  a  narrow  range  of  latitudes  covered  by  the  E- 
region  penetration  points  of  the  Tromso  beam  during  meridian  scans. 
Latitudinal  coverage  of  the  eight  E-region  range  gates  corresponds  to 
Positions  1  to  4  in  Figure  III.B.l  referenced  to  300-km  altitude.  During 

the  growth  phase  (Scan  1),  E-layer  plasma  densities  ranged  from  1.3  x  10~* 
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el/cm  ,  to  as  little  as  9  x  10  el/cm  .  Examining  individual  profiles,  we 

find  an  increase  in  plasma  density  with  decreasing  latitude;  we  cannot 

determine  if  the  gradient  is  spatial  or  temporal.  During  the  peak  phase 

(Scan  7),  E-region  plasma  densities  reached  3.5  x  10  el/cm  ,  indicating 

increased  particle  precipitation.  Again,  there  is  variability  in  the 

latitudinal  pattern.  During  the  recovery  phase  (Scan  17),  the  E-region 

5  3 

profiles  were  relatively  uniform  with  a  peak  value  of  4  x  10  el/cm  ,  in¬ 
dicating  little  if  any  reduction  in  precipitation  from  that  seen  during 
the  peak  phase. 

From  the  above,  we  can  reconstruct  the  auroral 
process  associated  with  the  substorm.  The  relatively  high  plasma  drift 
during  growth  and  early  peak  phases  suggests  that  negative  bay  onset  was 
produced  by  an  abrupt  increase  in  particle  precipitation,  not  an  enhance¬ 
ment  in  convection  velocity.  The  recovery  phase  appears  to  have  been 
associated  with  a  gradual  decrease  in  mean  convection  speed,  and  not  by  a 
reduction  in  the  number  flux  of  keV  electron  precipitation. 


we  further  assume  that  the  profile  shape  does  not  significantly  alter  the 
Pedersen  conductance,  the  conductance  should  scale  as  the  plasma  density. 
On  this  basis,  we  find  the  Pedersen  conductance  varied  from  2  mhos  during 
the  growth  phase  to  8  mhos  during  the  peak  and  recovery  phases.  Although 
smaller  than  our  previous  estimate,  these  values  are  still  large  compared 
to  a  typical  F-layer  Pedersen  conductance  of  0.1  mho  [Vickrey  et  al., 
1980]. 

The  blob  of  interest  is  seen  in  plasma  density 

profiles  from  Scan  7  in  Figure  III.B.4.  The  blob  corresponds  to  the  two 

profiles  containing  enhanced  F-layer  plasma  densities,  reaching  a  value  of 
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3.3  x  10  el/cm  .  The  other  F-layer  profiles  in  Scan  7  represent  the 
background  ionosphere  poleward  of  the  blob,  measured  during  the  peak  phase 
of  the  substorm.  The  altitude  of  the  F-layer  peak  in  the  blob  is  around 
300  km.  In  comparison,  F-layer  profiles  from  Scan  1  represent  the  back¬ 
ground  ionosphere,  also  poleward  of  the  blob  but  measured  during  the 
growth  phase.  The  peak  plasma  densities  from  Scan  1  are  slightly  higher 
than  those  background  measurements  in  Scan  7.  The  F-layer  peak  in  Scan  1 
is  below  300-km  altitude.  The  third  set  of  profiles  in  Figure  III.B.4 
correspond  to  the  background  ionosphere  equatorward  of  the  blob,  measured 
during  the  recovery  phase.  Peak  plasma  densities  are  seen  to  approach 
those  in  the  blob.  The  most  striking  feature,  however,  is  the  altitude  of 
F-layer  maximum,  reaching  at  least  350  km.  The  profiles  are  also  charac¬ 
terized  by  their  similarity  in  shape  and  number  density.  The  lower  back¬ 
ground  plasma  densities  found  in  Scan  7  compared  to  Scan  1  may  have 
resulted  from  enhanced  electron  loss  rates  initiated  by  the  large  slip 
velocities  [Schunk  et  al.,  1976]. 

The  increase  in  altitude  of  the  F-layer  peak  is 
consistent  with  the  presence  of  a  southward  neutral  wind.  Watkins  and 
Richards  [1979]  have  shown  that  a  400-m/s  neutral  wind,  when  directed 
equatorward,  lifts  the  peak  of  the  layer  from  300-  to  380-km  altitude. 

The  actual  displacement  depends  on  the  length  of  time  that  the  neutral 
wind  has  been  applied  (90  min  in  their  example).  Their  modelling  results 
are  in  good  agreement  with  our  neutral-wind  estimates  and  plasma-density 


profiles.  We,  therefore,  conclude  that  a  substantial  equatorward-directed 
neutral  wind  was  present  during  the  peak  and  recovery  phases  of  the 
substorm. 

We  now  address  the  question  of  soft  particle 
precipitation  as  an  F-layer  ionization  source.  We  use  plasma  densities 
measured  between  150-  and  200-km  altitude  as  a  measure  of  sof ter-elect ron 
precipitation.  Loss  rates  in  this  altitude  range  are  still  rapid  enough 
that  the  plasma  density  distribution  reflects  production  rates  and  not 
transport  effects.  Examining  profiles  in  Figure  III.B.4,  we  find  a 
precipitation  morphology  that  differs  from  the  harder  keV  electron 
precipitation  responsible  for  the  E  layer.  The  plasma  density  (at,  say, 
200-km  altitude)  has  increased  from  Scan  1  to  Scan  7,  as  expected.  The 
plasma  density  decreased  substantially  however,  from  Scan  7  to  Scan  17. 
This  difference  in  precipitation  morphology  at  the  two  altitudes  is  also 
manifested  in  Figure  III.B.4  as  a  change  in  the  slope  of  the  topside  E- 
layer  profile. 

The  effect  of  soft  electron  precipitation  in 
producing  plasma  density  at  altitudes  above  200  km  is  small.  At  300  km 
altitude,  the  e-folding  ionization  rate  is  greater  than  an  hour  [e.g., 
Roble  and  Rees,  1977;  Watkins  and  Richards,  1979;  Weber  et  al. ,  1984].  In 
this  convection  dominated  region,  a  variety  of  plasma-density  profiles  are 
found.  Although  the  highest  plasma  densities  are  found  in  Scan  7,  some  of 
the  lowest  values  are  also  found  during  that  scan.  The  profiles  in  Scan 
17  are  characterized  by  their  similarity  in  shape  and  value  to  one  an¬ 
other,  indicating  a  uniform  plasma-density  distribution  at  all  altitudes. 
One  possible  interpretation  of  this  is  that  the  region  poleward  of  the 
blob  is  more  irregular  in  plasma  density  than  that  equatorward  of  the 
blob. 


5 )  Plasma  Temperature  Profiles 

Because  it  is  virtually  impossible  to  detect  the 
occurrence  of  soft-particle  precipitation  at  F-layer  altitudes  on  the 
basis  of  plasma-density  profiles  we  turn  to  an  analysis  of  plasma  tern- 
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peratures.  Roble  and  Rees  [1977]  have  shown  that  electron  temperature 
peaks  with  the  ionization  rate,  with  a  time  constant  of  10  s  or  less,  and 

begins  to  decay  only  after  the  plasma  density  has  become  significant. 

3 

This  time  constant  is  on  the  order  of  10  s.  The  situation  is  not  so 
simple  if  precipitation  occurs  in  the  presence  of  existing  high  plasma 
density.  We  can  however,  argue  that,  for  a  given  plasma  density,  elevated 
electron  temperatures  imply  ongoing  or  very  recent  precipitation,  whereas 
low  or  normal  temperature  may  or  may  not  be  associated  with  precipitation. 
Typical  electron  temperatures  produced  by  soft-particle  precipitation 
range  from  2000  K  to  3250  K  [Roble  and  Rees,  1977). 

The  degree  to  which  electron  temperature  is 
elevated  by  particle  heating  can  be  estimated  by  comparing  the  electron 
temperature  at  a  given  altitude  to  the  corresponding  ion  temperature.  The 
ion-temperature  profiles  are  presented  in  Figure  III.B.5.  Except  for  some 
scatter  in  the  prof  les  from  Scans  1  and  17,  the  ion  temperatures  are 
similar,  all  approaching  an  asymptotic  value  of  about  1000  K  at  the 
highest  altitudes.  (The  large  increases  in  ion  temperatures  around  340-km 
altitude  in  Scan  7  are  not  thought  to  be  real.) 

The  electron  temperature  profiles  are  presented  in 
Figure  III.B.6.  Keeping  in  mind  that  the  asymptotic  value  for  the  ion 
temperature  was  1000  K,  we  notice  that  the  electron  temperature  is  con¬ 
siderably  enhanced.  The  enhancements  occurred  above  220-km  altitude  and 
are  evident  in  all  profiles,  including  those  obtained  during  the  growth 
phase.  The  most  dramatic  variation  occurred  in  Scan  7  where  there  appears 
a  distinct  gradient  in  electron  temperature.  The  highest  temperatures  oc¬ 
curred  at  the  north  end  of  the  scan;  the  temperatures  decreased  rapidly 
with  latitude,  reaching  a  minimum  within  the  blob.  The  behavior  of 
electron  temperature  in  Scan  17  is  most  like  that  of  the  ion  temperature. 
The  electron  temperatures  in  Scan  7  are  about  500  K  greater  than  those 
seen  during  Scan  17.  These  temperature  results  clearly  indicate  soft- 
particle  precipitation  in  the  region  poleward  of  the  blob,  particularly 
during  the  peak  phase  of  the  substorm. 
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Figure  III.B.5.  Ion-temperature  profiles  obtained  during  the 
three  phases  of  the  auroral  substorm. 


b.  Interelationships  Among  Plasma  Density,  Plasma  Motion, 
and  Electron  and  Ion  Temperatures 

In  this  section,  we  present  an  analysis  of  more  detailed 
spatial  relationships  between  two-dimensional  patterns  of  plasma  para¬ 
meters  and  electrodynamic  parameters,  at  300-km  altitude.  We  demonstrate 
that  plasma  along  the  poleward  wall  of  the  blob  was  being  structured  by 
MFTI,  but  that  F-region  polarization  effects  were  not  operative.  The  rate 
of  MFTI  could  have  produced  the  observed  structure  along  the  poleward  wall 
of  the  observed  blob,  if  that  rate  were  sustained  for  several  minutes. 
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Figure  III.B.6.  Electron-temperature  profiles  obtained  during  the  three  phases  of 
the  auroral  storm. 

1 )  Plasma  Density 

A  two-dimensional  map  of  the  plasma  density  measured 

at  a  nominal  altitude  of  300  km  is  presented  in  Figure  III. B. 7(a).  The 

distribution  of  plasma  density  is  illustrated  by  isodensity  contours  and 

plotted  in  geomagnetic  coordinates.  Adjacent  contours  represent  a  change 
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in  plasma  density  of  2  *  10  el/cm  .  Geomagnetic  north  is  directed  along 
the  ordinate  and  geomagnetic  east  is  directed  along  the  abscissa.  The  or¬ 
dinate  scale  of  approximately  28  km  between  tick  marks  corresponds  to  the 
spacing  between  scan  dwell  positions.  The  abscissa  scale  of  about  67  km 
between  scans  (i.e.,  tick  marks)  is  based  on  an  average  eastward  drift  of 
220  m/s  measured  during  the  17  meridian  scans.  For  purposes  of  discussion, 


Figure  111.8.7  Two-dimensional  patterns  of  plasma  density,  ion  velocity,  and  slip  velocity  in  a 
plane  transverse  to  the  geomagnetic  field  at  300-km  altitude. 
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we  have  superimposed  unit  vectors  that  represent  the  direction  of  the  slip 
velocity  on  the  contours  of  plasma  density. 


The  plasma-density  contours  shown  in  Figure 
til. B. 7(a)  were  constructed  from  Tromso  incoherent-scatter  measurements  at 
Range  Gate  7.  The  altitude  of  that  range  gate  varied  from  316  km  at  the 
north  end  of  the  scan  to  263  km  at  the  south  end  of  the  scan  and  was  about 
300  km  at  the  center.  The  upward  movement  of  the  F  layer,  produced  by  a 
large  southward  neutral  wind,  and  shown  in  Figure  II. B. 4,  gradually 
decreased  the  plasma  densities  at  300-km  altitude  in  the  later  scans. 
Fortunately,  the  basic  structural  pattern  shown  in  Figure  III. B. 7(a)  was 
not  significantly  distorted  by  the  gradual  altitude  change  of  Range  Gate  7 
nor  by  the  lifting  of  the  F  layer. 

The  feature  of  most  interest  in  Figure  III. B. 7(a) 

5  3 

is  the  region  of  enhanced  plasma  density  outlined  by  the  2  *  10  el/cm 

contour  (i.e.,  the  most  lightly  shaded  region).  The  blob  pattern  was 

tilted  with  respect  to  the  geomagnetic  east-west  direction,  and  visible  in 

12  successive  scans.  Because  the  average  eastward  drift  was  220  m/s,  the 

blob  pattern  was  apparently  elongated  in  longitude  over  750  km.  The  most 

interesting  blob  features  are  the  pronounced  spatial  undulations  of  the 
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2  x  10  el/cm  (heavy  line)  contour  along  the  poleward  wall  of  the  blob, 
and  the  relatively  smooth  equatorward  wall.  The  modulation  depth  along 
the  poleward  wall  is  about  80  km.  Except  for  its  location  along  the 
poleward  (rather  than  equatorward)  wall  of  the  blob,  the  east-west  struc¬ 
ture  is  similar  to  that  reported  by  Tsunoda  and  Vickrey  [1985].  For  the 
estimated  67-km  interval  between  scans,  we  obtain  an  average  spacing  be¬ 
tween  the  enhanced  plasma  protrusions,  or  "fingers,"  of  about  200  km. 
Tsunoda  and  Vickrey  [1985]  found  the  fingers  along  the  equatorward  wall  of 
their  blob  were  spaced  about  150  km  apart. 
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Boside  spatial  undulations  in  the  2  *  10  el/cm 

contour,  we  find  that  the  peak  plasma  density  within  the  blob  varied  as  a 

function  of  longitude,  or  time.  The  variation  occurred  primarily  during 
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Scans  6  through  9  with  peak  plasma  density  reaching  3.3  *  10  el/cm  . 
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These  scans  were  made  between  2141:32  and  2200:52  UT,  during  the  peak 
phase  of  negative  bay  activity.  These  enhanced  plasma  densities  were  also 
seen  in  Figure  III.B.4  and  pointed  out  as  time  coincident  with  substorm- 
related  precipitation.  Recall  however,  that  F-region  ionization  produc¬ 
tion  by  soft-particle  precipitation  is  a  slow  process. 

We  estimate  that  the  ratio  of  plasma  density  within 
the  blob  to  that  between  the  fingers  and  also  to  that  in  the  background 
ionosphere  is  s;  2.0.  In  comparison,  Tsunoda  and  Vickrey  [1985]  found 
ratios  greater  than  a  factor  of  4. 

The  plasma  density  distribution  in  Figure 
III. B. 7(a)  seems  to  be  inconsistent  with  the  hypothesis  that  the  gradient- 
drift  instability  was  responsible  for  the  observed  structure.  The  mean 
slip  velocity  was  directed  poleward  and  therefore  would  be  expected  to 
reduce  any  existing  structure  by  the  gradient-drift  instability.  For  the 
same  reason,  structure  growth  would  be  expected  along  the  equatorward  wall 
of  the  blob.  We  also  found  that  the  ratio  of  blob  plasma  density  to  that 
of  the  background  F  layer  was  small,  and  that  the  E-layer  Pedersen  conduc¬ 
tance  was  high  during  the  period  of  negative  bay  activity. 

2 )  Ion  Velocity 

The  conclusions  drawn  in  the  previous  section  can 
be  taken  a  step  further  by  analyzing  the  two-dimensional  pattern  of  the 
plasma  drift.  We  cannot  unambiguously  identify  all  contributing  sources 
to  the  observed  plasma  structure  along  the  poleward  wall  of  the  blob 
without  knowing  its  time  history.  We  can,  however,  determine  (1)  whether 
MFTI  was  occurring  between  high-  and  low-number-density  plasma  during  the 
observation  period,  and  (2)  if  so,  whether  the  gradient-drift  process  was 
reducing  plasma  structure  along  the  poleward  wall. 

The  transverse  component  of  the  ion  velocity  vector 
is  displayed  in  Figure  III. B. 7(b).  The  velocity  pattern  is  seen  to  be 
structured;  the  scale  of  velocity  variations  appears  comparable  to  those 
in  the  plasma-density  contours,  suggesting  a  degree  of  coherence  between 
the  patterns.  At  scales  on  the  order  of  the  blob  fingers,  we  find  two 
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regions  of  large  ion  velocity  that  appear  to  be  well  correlated  with  the 
"depleted"  plasma  regions  between  fingers.  Large  velocities  were  observed 
primarily  during  Scans  4  and  7.  These  velocities  are  seen  to  be  directed 
southward,  whereas  velocities  within  the  blob  are  smaller  and  directed 
slightly  more  eastward.  For  example,  the  blob  velocity  in  Scan  7  is  215 
m/s  while  the  depleted  region  is  convecting  into  the  blob  at  a  velocity  of 
534  m/s. 

These  observations  of  relative  plasma  motion  be¬ 
tween  high-  and  low-number-density  regions  represent  direct  evidence  of 
ongoing  plasma  structuring  via  an  MFTI  process.  For  example,  the  south¬ 
ward-directed  depleted  region  in  Scan  7  must  force  the  blob  to  distort  its 
configuration  in  a  manner  to  preserve  incompressibility  of  the  plasma. 

The  depleted  plasma  will,  therefore,  push  its  way  into  the  more  dense 
plasma  region  resulting  in  longer  fingers.  This  is,  by  definition,  the 
MFTI  process  by  which  plasma  is  structured.  The  e-folding  growth  time  for 

the  finger  in  Scan  6  is  roughly  estimated  to  be  about  6  min  (or  equiva- 
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lently,  a  growth  rate  of  3  x  10  s  ). 

There  remains  the  question  of  space-time  ambiguity. 
That  is,  the  electric  field  could  be  time  varying  in  a  manner  that  results 
in  the  pattern  observed.  Doubt  regarding  our  interpretation  that  might  be 
cast  by  this  ambiguity  question  is  reduced  by  considering  two  points. 
First,  the  apparent  spatial  anticorrelation  found  in  Figure  III.B.7  con¬ 
sisted  of  two  high-velocity,  low-plasma-density  regions,  and  three  low- 
velocity,  high-plasma-density  regions.  We  feel  that  the  repetition  of  the 
anticorrelated  patterns  is  more  likely  to  be  spatial  than  temporal.  For 
example,  if  the  poleward  wall  of  the  blob  were  actually  smooth  and  time- 
varying  east-west  electric  fields  were  responsible  for  the  apparent 
modulations  seen  from  scan  to  scan,  we  would  expect  (1)  the  equatorward 
wall  to  be  similarly  modulated  as  the  poleward  wall,  and  (2)  the  Y- 
component  of  the  Kiruna  magnetogram  to  contain  temporal  oscillations. 
Neither  is  seen  in  the  data.  And  second,  we  present  additional  velocity 
measurements  that  demonstrate  unambiguously  the  existence  of  longitudinal 
variations  in  plasma  drift  velocity,  consistent  with  the  MFTI  process. 


130 


The  spatial  anticorrelation  found  between  plasma 
density  and  ion  velocity,  and  the  sense  of  relative  motion  between  highl¬ 
and  low-density  plasma  is  not  only  direct  evidence  for  the  MFTI  process 
but  also  demonstrates  the  relative  ineffectiveness  of  F-region  polariza¬ 
tion  effects  during  this  period.  As  pointed  out  earlier,  the  mean  west¬ 
ward  Pedersen  current  that  is  driven  by  the  northward  directed  slip 
velocity  should  act  through  F-region  polarization  electric  fields  to  damp¬ 
en  structure  development  along  the  poleward  wall  of  a  blob.  In  other 
words,  if  the  gradient-drift  instability  process  were  operative  during  the 
measurement  period,  the  relative  motion  of  high-  and  low-number-density 
plasma  should  be  opposite  in  sense  to  that  shown  in  Figure  III. B. 7(b). 

This  contradiction  in  the  sense  of  relative  plasma  drift  is  strong 
evidence  that  F-region  polarization  electric  fields  did  not  develop  (e.g. , 
because  of  short-circuiting  by  a  conducting  E  layer)  or  that  MFTI  was 
driven  by  other  stronger  electric  fields  that  dominated  over  F-region 
polarization  effects. 

The  presence  of  F-region  polarization  electric 
fields  becomes  even  more  doubtful  when  we  compare  the  velocity  pattern 
with  plasma-density  distribution  in  Scans  10  to  15.  Rather  than  finding 
anticorrelation  between  the  two  quantities,  we  find  a  certain  degree  of 
correlation.  For  example,  the  ion  velocity  associated  with  the  finger  in 
Scan  11  is  835  m/s  and  directed  poleward  at  an  angle  nearly  perpendicular 
to  the  blob's  major  axis.  At  the  same  time,  we  find  velocities  between  78 
and  196  m/s  in  the  depleted  regions  adjacent  to  the  finger. 

Another  piece  of  evidence  against  the  importance  of 
F-region  polarization  electric  fields  is  the  occurrence  of  very  large  ion 
velocities  in  the  upper  right-hand  corner  of  Figure  III. B. 7(b).  Polariza¬ 
tion  electric  fields  are  set  up  by  charge  accumulation  along  gradients  in 
plasma  density,  in  the  presence  of  current  flow.  It  is  clear  from  Figure 
III. B. 7(a)  that  there  were  no  significant  plasma-density  gradients  in  the 
vicinity  of  those  large  observed  velocities.  From  the  above  discussion, 
v  '  conclude  that  F-region  polarization  electric  fields  could  not  have  been 
responsible  for  the  ongoing  structuring  by  MFTI.  Additional  proof  is 
presented  in  the  next  subsection. 
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Slip  Velocity 


Although  observed  relative  streaming  between  en¬ 
hanced  and  depleted  plasma  regions  represents  ongoing  structuring  via  the 
MFTI  process,  the  slip  velocity  pattern  in  relation  to  the  plasma-density 
pattern  provides  a  true  measure  for  the  effectiveness  of  F-region 
polarization  electric  fields.  In  other  words,  if  F-region  polarization 
effects  were  operating  during  this  period,  we  should  find  spatial  anti¬ 
correlation  between  plasma  density  and  slip  velocity  (similar  to  that 
found  between  plasma  density  and  ion  velocity). 

The  slip  velocity  pattern  is  presented  in  Figure 
III. B. 7(c).  We  note  that  the  striking  anticorrelation  found  between 
plasma  density  and  ion  velocity,  particularly  between  Scans  3  and  9,  is  no 
longer  as  evident  when  the  plasma  density  pattern  is  compared  to  that  for 
the  slip  velocity.  For  example,  the  enhanced  ion  velocities  measured  be¬ 
tween  fingers  during  Scans  4  and  5  are  replaced  by  much  smaller  slip 
velocities  (also  see  Figure  III.B.3).  In  the  region  between  Scans  6  and 
8,  the  slip  velocities  remain  enhanced  but  were  directed  poleward,  rather 
than  equatorward  as  in  the  case  for  ion  velocities.  [This  spatial  compar¬ 
ison  of  slip  velocity  direction  with  blob  plasma  density  is  facilitated  by 
superimposing  the  directions  of  the  slip  velocity  onto  Figure  III. B. 7(a)], 
This  absence  of  inverse  correlation  between  the  two  patterns  is  further 
evidence  that  F-region  polarization  effects  were  absent. 

Finally,  a  poleward  directed  slip  velocity  should 
(in  the  absence  of  a  conducting  F.  laver)  render  the  equatorward  wall  of  a 
blob  unstable  to  the  gradient-drift  process.  From  the  shallow  undulations 
in  plasma  density  along  the  equatorward  wall  and  the  small  ion  (and  slip) 
velocities  found  there,  we  would  have  to  conclude  that  the  gradient-drift 
growth  rate  must  have  been  quite  small. 

4 )  E lectron  and  Ion  Temperatures 

The  electron  temperatures  computed  from  Tromso  ACF 
data  at  Range  Gate  7  are  plotted  in  Figure  III. B. 8(b).  The  temperatures 
ranged  from  1380  K  to  3007  K.  On  the  largest  scale,  we  see  that  elevated 


electron  temperatures  (>  2200  K;  i.e.,  shaded  regions)  were  confined  to 
regions  poleward  of  the  blob  [Figure  III. B. 8(a)].  Typical  temperatures  in 
that  region  ranged  from  2600  K  to  2800  K.  In  comparison,  the  mean  tem¬ 
perature  within  the  blob  in  regions  where  the  plasma  density  exceeded  2.8 
5  3 

x  10  el/cm  was  2000  K.  Electron  temperatures  in  less-dense  regions  of 
the  blob  were  between  1600  K  and  1800  K.  In  comparison,  the  electron  tem¬ 
perature  in  the  background  ionosphere  ranged  from  1400  K  to  2000  K.  The 
regions  in  which  most  energy  was  deposited  (at  300-km  altitude)  by  par¬ 
ticle  precipitation,  therefore,  appears  to  have  occurred  poleward  of  the 
blob  and  in  the  highest  plasma-density  region  of  the  blob  (between  Scans  5 
and  10). 

On  scale  sizes  comparable  to  those  of  the  fingers 
in  Figure  III. B. 8(a),  we  find  that  elevated  electron  temperatures  occurred 
in  the  vicinity  of  the  finger  tips.  The  electron  temperatures  in  fingers 
observed  during  Scans  3,  6,  8,  and  11,  were  2100  to  2350  K,  2450  K,  2300 
to  2400  K,  and  2200  to  2500  K  respectively.  These  electron  temperatures 
are  higher  by  100  to  500  K  than  that  in  the  highest  plasma-density  region 
of  the  blob,  and  higher  by  200  to  400  K  than  those  in  less  dense  portions 
of  the  blob.  On  this  basis,  enhanced  soft-particle  precipitation  seems  to 
have  occurred  at  the  tips  of  the  fingers. 

Some  caution,  however,  must  be  exercised  when  we 
attempt  to  infer  any  increase  in  plasma  density  produced  by  soft-particle 
precipitation.  The  regions  of  highest  electron  temperature  are  not 
usually  spatially  coincident  with  regions  of  largest  plasma  density.  For 
example,  we  find  the  highest  electron  temperature  at  the  top  of  Scan  7  to 
be  in  a  region  of  very  low  plasma  density.  It,  therefore,  is  conceivable 
that  all  the  plasma  was  at  the  same  temperature  at  some  time,  but  that 
cooling  was  slower  where  the  electron  density  was  low. 

The  ion  temperature  is  of  some  interest  in  this 
kind  of  investigation  because  it  is  proportional  to  the  square  of  the  slip 
velocity.  The  slip  velocity,  together  with  the  horizontal  gradient  in 
plasma  density,  control  the  development  of  F-region  polarization  electric 
fields.  The  use  of  ion  temperature  for  this  purpose,  however,  is  not 
straightforward  because  the  ion  temperature  is  also  proportional  to  the 
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plasma  density.  Despite  the  complexity  in  interpretation,  we  include  ion 
temperature  for  completeness. 

The  ion  temperature  was  computed  together  with 
electron  temperature  from  the  Tromso  ACF  data  in  Range  Gate  7.  The  ion 
temperature  presented  in  Figure  III. B. 8(c)  ranged  in  value  from  710  K  to 
1325  K.  On  the  largest  scale,  elevated  ion  temperatures  appear  to  occur 
outside  the  blob  region  of  highest  plasma  density.  Because  plasma  density 
is  highest  there,  the  ion  temperature  should  be  most  sensitive  to  the  slip 
velocity  in  that  region.  The  finding  of  lowest  ion  temperatures  in  the 
densest  portion  of  the  blob  indicates  the  presence  of  smallest  slip 
velocities. 

5 )  Additional  Evidence  of  Spatially  Irregular 

Electric  Fields 

In  Section  III.B.3.b.2,  we  raised  the  question  of 
whether  the  irregular  electric  fields  (or  ion  velocity)  presented  in 
Figure  III. B. 7(b)  were  produced  by  spatial  or  temporal  variations. 

Although  the  velocity  variations  from  one  scan  position  to  the  next  is 
less  likely  to  be  temporal  than  those  observed  from  one  scan  to  the  next, 
some  doubt  can  reasonably  exist.  For  this  reason,  we  present  additional 
evidence  that  unambiguously  demonstrates  the  presence  of  spatially  ir¬ 
regular  electric  fields. 

For  this  purpose,  we  examined  the  line-of-sight 

velocities  measured  from  Tromso  whenever  the  antenna  was  fixed  at  Scan 

Position  1.  The  line  of  sight  from  Tromso  was  directed  toward  magnetic 

east,  thus  allowing  measurements  of  the  eastward  component  of  plasma 

drift.  Spatial  information  was  obtained  by  plotting  the  eastward  drift 

measured  in  the  last  nine  range  gates.  Of  these,  all  but  the  first  were 

at  altitudes  above  165  km  and,  therefore,  provide  a  measure  of  the  E  x  B 

o 

plasma  drift  velocity.  For  an  elevation  angle  of  72.9  ,  the  range  gates 
were  spaced  at  8-km  intervals  in  ground  distance,  starting  52  km  east  of 
Tromso.  Any  variation  found  in  velocity  as  a  function  of  range  gate, 
therefore,  represents  a  true  spatial  variation,  averaged  over  25  s. 
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The  eastward  plasma  drift  speed  obtained  as  a  func¬ 
tion  of  range  gate  is  presented  in  Figure  III.B.9.  Velocity  estimates 
from  the  nine  range  gates  are  connected  by  line  segments.  Total  ground 
coverage  by  these  nine  gates  is  64.7  km.  Successive  scans  are  plotted 
next  to  each  other,  with  each  scan  separated  from  one  another  by  a  long 
tick  mark.  We  note  that  these  velocities  are  measured  at  the  top  edge  of 
the  two-dimensional  maps  m  Figures  III.B.7  and  I1I.B.8. 


Figure  III.B.9.  Longitudinal  variations  in  eastward  plasma  drift  computed 

from  line-of-sight  velocity  measurements  at  dwell  position  1 
from  Tromso  during  the  17  meridian  scans. 


We  find  that  the  velocity  varied  substantially 
during  Scans  1  through  7  and  much  less  so  thereafter.  During  Scan  1,  we 
see  a  velocity  reversal  in  which  an  eastward  drift  of  500  m/s  became  a 
westward  drift  of  comparable  speed,  over  a  ground  distance  of  about  30  km. 
The  westward  drift  slowly  decreased  during  Scans  2  and  3,  reversing  to  an 
eastward  drift  in  Scan  4.  Large  eastward  velocity  spikes  are  seen  during 
Scans  3,  4,  6,  and  7.  The  fractional  velocity  errors  associated  with 
these  measurements  all  suggest  that  these  large  velocities  are  probably 
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real,  although  those  seen  In  Scans  6  and  7  are  the  most  convincing. 

Amidst  these  large  velocity  variations,  we  also  find  periods  of  relative 
calm,  e.g.,  Scans  2  and  5.  From  Scan  8  on,  we  find  a  relatively  well- 
behaved  eastward  drift  of  about  500  m/s. 

The  amplitude  of  velocity  fluctuations  appears  to 
be  (1)  larger  poleward  of  the  blob  than  equatorward  of  it  and  (2)  larger 
during  the  peak  phase  of  the  substorm  than  during  the  recovery  phase.  The 
first  conclusion  is  based  on  comparisons  of  velocity  fluctuations  found  in 
Scans  1  through  7  to  those  in  Scans  11  through  17.  In  particular,  the 
velocity  fluctuations  in  Scan  1  that  occurred  at  the  start  of  the  growth 
phase  were  much  larger  than  those  in  the  later  scans.  A  preliminary  ex¬ 
amination  of  electric-field  measurements  made  by  HILAT  also  appear  to 
support  this  observation.  The  second  conclusion  is  apparent  from  Figure 
III.B.9.  The  large  variations  in  velocity  in  Scans  3  through  7  appear  to 
be  consistent  with  the  vector  velocities  shown  in  Figure  III. B. 7(b).  The 
large  spikes  in  Figure  II1.B.9  occurred  only  during  a  period  when  there 
existed  large  vector  velocities.  The  appearance  of  the  spikes  is  consis¬ 
tent  with  simple  rotation  of  the  velocity  vector  as  a  function  of  longi¬ 
tude. 

Because  the  plasma  is  incompressible  at  F-region 
altitudes,  any  longitudinal  gradient  in  eastward  plasma  drift  must  be  ac¬ 
companied  by  a  corresponding  latitudinal  change  in  northward  plasma  drift. 
But,  because  the  longitudinal  gradient  in  eastward  drift  varied  with  lon¬ 
gitude,  we  conclude  that  there  was  also  a  longitudinal  gradient  in  the 
northward  drift.  On  this  basis,  we  conclude  that  there  existed  eddy-like 
turbulent  flows  with  a  scale  size  on  the  order  of  tens  of  kilometers.  The 
presence  of  a  horizontal  plasma  density  gradient  in  this  irregular 
electric  field  pattern  will  result  in  plasma  structuring  by  the  MFTI 
process. 

We  note  in  passing  that  irregular  electric  fields 
have  been  observed  in  the  past  [e.g.,  Haerendel  et  al ♦ ,  1969;  Cauffman  and 
Gurnet t ,  1972;  Gurnett ,  1972  ;  Heppner ,  1972  ,  1977;  Aggson  and  Heppner, 


1977;  de  la  Beaujardiere  and  Heells,  1984;  Saf lekos  et  al. ,  1985];  how¬ 
ever,  in  most  of  those  observations,  the  irregular  electric  fields  were 
observed  as  a  function  of  latitude. 


Summary  of  Results 


We  have  obtained  the  following  results: 

(1)  An  F-region  plasma-density  enhancement,  or  blob,  was  found 
around  magnetic  midnight  in  a  zone  of  eastward  convection. 

(2)  The  two-dimensional  spatial  pattern  of  the  blob  (in  a  plane 
transverse  to  the  geomagnetic  field  at  300-km  altitude)  was 
found  to  be  elongated  in  longitude  with  substantial  structure 
along  its  poleward  wall. 

(3)  Structure  along  the  poleward  wall  appeared  in  the  form  of  four 
fingerlike  protrusions  with  an  average  length  (or  north-south 
modulation  depth)  of  80  km  and  an  average  east-west  spacing 
between  fingers  of  about  200  km. 

(4)  Relative  plasma  motion  was  measured  between  enhancements  and 
depletions  in  plasma  density,  providing  direct  evidence  of 
ongoing  plasma  structuring  by  the  MFTI  process. 

(5)  Spatially  irregular  north-south  electric  fields  were  measured 
as  a  function  of  longitude,  indicating  on  the  basis  of  plasma 
incompressibility  that  there  also  existed  a  corresponding 
variation  in  the  east-west  electric  field  (i.e.,  that  respon¬ 
sible  for  the  MFTI). 

(6)  Mean  plasma-electrodynamic  conditions  indicated  that  any  plasma 
structure  that  existed  along  the  poleward  wall  of  the  blob 
should  have  been  in  the  process  of  being  damped  by  the 
gradient-drift  instability,  a  result  that  implies  [when  com¬ 
bined  with  item  (4)]  the  absence  of  F-region  polarization  elec¬ 
tric  fields  during  the  observation  period. 


(7)  The  slip  velocity  was  not  anticorrelated  with  plasma  density, 
a  result  that  also  argues  against  the  presence  of  F-region 
polarization  electric  fields. 

(8)  Estimates  of  Pedersen  conductance  in  the  E  and  F  layers 
indicated  that  E-region  current  closure  and  the  low  ratio  of 
Pedersen  conductance  between  blob  and  background  ionosphere 
could  easily  account  for  the  absence  of  F-region  polarization 
electric  fields. 

(9)  Evidence  against  the  presence  of  F-region  polarization  electric 
fields  implies  the  ineffectiveness  of  both  the  gradient-drift 
and  current-convective  instabilities  in  this  data  set. 

(10)  Soft-particle  precipitation,  as  inferred  qualitatively  from 
electron  temperature  measurements,  appeared  to  be  most  intense 
poleward  of  the  blob  with  perhaps  some  precipitation  occurring 
in  the  blob. 

5.  Discussion 

The  major  finding  of  this  section  is  that  the  fingers  (particu¬ 
larly  that  seen  in  Scan  6)  along  the  poleward  wall  of  a  blob  were  shown  to 
be  participating  in  an  ongoing  plasma  structuring  process  involving  MFTI , 
but  that  the  MFTI  was  not  driven  by  F-region  polarization  electric  fields. 
We  presented  direct  evidence  that  there  was  relative  motion  (produced  by 
irregular  electric  fields)  between  adjacent  regions  of  high  and  low  plasma 
density  (along  the  poleward  wall  of  the  blob);  furthermore,  the  sense  of 
that  motion  was  consistent  with  ongoing  plasma  structuring  via  MFTI. 
Although  the  estimated  growth  rate  was  high  enough  to  have  produced  the 
observed  fingers  within  several  minutes,  whether  it  did  or  not  is  not  the 
issue.  We  have  simply  demonstrated  that  there  can  exist  MFTI  that  can 
rapidly  structure  a  blob.  The  temporal  persistence  of  a  spatially  irre¬ 
gular  electric  field  pattern  has  not  been  addressed. 

The  conclusion  that  F-region  polarization  effects  were  absent  during 
the  observation  period  is  based  on  the  following  findings.  First  and 


foremost  is  the  fact  that  if  F-region  polarization  effects  were  present, 
the  relative  motion  of  the  plasma  in  the  fingers  and  depleted  regions 
should  have  had  an  opposite  sense  from  that  observed.  That  is,  relative 
plasma  motion  should  have  been  in  a  direction  that  would  reduce  the  size 
of  the  fingers.  Second,  the  spatial  patterns  of  the  slip  velocity  vector 
and  plasma  density  were  not  anticorrelated  with  each  other,  as  expected 
from  polarization  effects.  Third,  E-region  Pedersen  conductance  was  high, 
and  the  ratio  of  Pedersen  conductance  associated  with  the  blob  to  that 
with  the  background  ionosphere  was  small.  And  fourth,  we  found  no  obvious 
evidence  of  velocity  shear.  Velocity  shear  is  expected  when  the  back¬ 
ground  Pedersen  conductance  is  finite  but  small  when  compared  to  the  blob 
Pedersen  conductance  [e.g.,  Zalesak  et  al. ,  1982], 

Several  researchers  [Haetendel  et  al.,  1967,  1969;  Volk  and 
Haerendel,  1971;  Shiau  and  Simon,  1974;  and  Vickrey  and  Kelley,  1982]  have 
shown  that  the  gradient-drift  instability  (F-region  polarization  electric 
fields)  can  be  stabilized  (short  circuited)  by  the  presence  of  a  conduc¬ 
ting  background.  In  this  case,  the  F-region  polarization  electric  field 
is  shorted  out  by  field-aligned  currents  that  close  through  the  conducting 
background.  Rishbeth  [1971]  has  shown  the  effectiveness  of  a  sunlit  E 
layer  in  keeping  the  F-region  dynamo  from  operating  during  the  day. 

Tsunoda  [1985]  has  shown  experimentally  that  equatorial  F-region  irregu¬ 
larities,  produced  by  a  process  (collisional  Rayleigh-Taylor  instability) 
identical  to  the  gradient-drift  instability  are  strongly  controlled  by  E- 
region  conductivity  effects. 

Perkins  and  Doles  [1975],  Zalesak  et  al.  [1982],  and  Huba  et  al. 
[1983]  have  shown  that  velocity  shear  effects  set  up  by  the  electric  field 
component  along  the  plasma-density  gradient  result  in  damping  of  the 
gradient-drift  instability.  Both  the  blob  analyzed  in  this  paper  and  that 
reported  by  Tsunoda  and  Vickrey  [1985]  occurred  in  the  presence  of  an 
electric-field  component  in  the  direction  of  the  mean  plasma-density  gra¬ 
dient.  Interestingly,  we  find  little  or  no  evidence  in  Figure  III. B. 7(b) 
of  velocity  shear.  If  velocity  shear  was  present,  theory  would  predict 
the  occurrence  of  tilted  fingers  away  from  perpendicularity  with  the  blob 


major  axis.  The  absence  of  tilt  also  supports  the  conclusion  that  F- 
region  polarization  electric  fields  were  not  present. 

A  remaining  question  is,  what  is  the  source  of  the  irregular  electric 
fields?  A  possible  interpretation  is  that  the  blob  analyzed  in  this  paper 
was  situated  (or  produced)  at  a  magnetospheric  boundary  of  some  kind. 

This  possibility  arose  while  analyzing  Figures  III.B.4,  III.B.7,  and 
III.B.8,  i.e.,  plasma-density  profiles,  electron  temperatures,  and  ion 
velocities.  As  described  earlier,  electron  temperature  and  ion  velocity 
were  substantially  higher  on  the  poleward  side  than  on  the  equatorward 
side  of  the  blob.  A  possibility  is  that  the  blob  structure  is  simply  an 
ionospheric  signature  of  a  magnetospheric  process.  For  example,  it  is 
conceivable  that  wave  structure  and  instability  occurs  at  the  magneto¬ 
spheric  boundary,  producing  irregular  electric  fields  that  map  into  the 
auroral  ionosphere.  Such  a  possibility  has  been  suggested  by  several  re¬ 
searchers  [e.g.,  Fejer  and  Kelley,  1980;  Vickrey  and  Kelley,  1982, 

Saf lekos  et  al. ,  1985]. 

Lui  et  al.  [1982]  reported  large-scale  (200-  to  900-km)  undulations 
along  the  equatorward  boundary  of  the  diffuse  aurora.  They  interpreted 
these  optical  observations  in  terms  of  surface  waves  propagating  along  the 
inner  edge  of  the  plasma  sheet.  While  their  results  support  the  notion 
that  magnetospheric  wave  structure  could  be  observed  in  the  ionosphere, 
their  observations  were  made  under  conditions  that  were  completely  dif¬ 
ferent  from  ours.  Their  structure  is  seen  only  in  the  afternoon-evening 
sector  during  magnetic  storm  activity. 

We  hope  to  shed  more  light  on  this  matter  after  we  analyze  the  HILAT 
satellite  data  obtained  over  the  EISCAT  scan  sector  during  this  experi¬ 
ment.  Instruments  on  HILAT  should  provide  further  information  regarding 
(1)  the  E  layer  Pedersen  conductance,  (2)  the  presence  of  field-aligned 
currents,  (3)  the  latitudinal  variations  of  electric  field  and  particle 
characteristics,  and  (4)  the  characteristics  of  krn-scale  irregularities 
responsible  for  radio-wave  scintillation. 
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C.  Plasma  Structure  and  Statistical  Turbulence  Theory 


1.  Introduction 


Ionospheric  irregularities  occur  over  an  enormous  range  of 
scale  sizes,  from  planetary  waves  with  horizontal  wavelengths  exceeding 
one  hundred  kilometers  to  centimeter  plasma  waves  approaching  the  Debye 
length  limit.  Kelley  et  al.  (1982b)  have  identified  five  scale-size 
subregime6  for  vertical  and  horizontal  irregularities.  Their  Figure  1  is 
reproduced  here  for  reference  as  Figure  III.C.l.  The  scale  height  for  the 
neutral  atmosphere  is  a  natural  upper  bound  for  statistically  homogeneous 
irregularities.  Thus,  below  ~10  km  (k  >  2tt/10  km),  we  have  some  hope  that 
statistical  models  can  be  used  to  characterize  and  ultimately  predict  the 
observed  irregularity  characteristics.  This  is  the  upper  limit  for  the 
intermediate  scale,  which  is  common  to  both  horizontal  and  vertical  ir¬ 
regularity  structures. 

The  quantity  of  primary  interest  is  the  SDF,  which  is  formally 

defined  as 


<J>(k)  =  <jN(k)|2> 


(III. C. 1.1) 


where  N(k)  is  the  spatial  Fourier  transform  of  the  electron  density  N(r) 
and  the  angle  brackets  denote  ensemble  averaging.  As  a  practical  matter, 
only  a  one-dimensional  SDF  obtained  from  a  scan  of  N(r)  along  some  direc¬ 
tion  n  has  been  measured.  The  relation  between  the  one-dimensional  SDF 
and  <t(k)  is 

^(kin)  =  //$( k)n  •  dk/(2m)2  .  (III. C. 1.2) 

In  general,  <5  (k;n)  depends  on  the  direction  of  the  scan. 

In  Figure  III.C.2,  we  show  a  schematic  diagram  of  the  one¬ 
dimensional  SDF  deduced  from  disturbed  Wideband  satellite  equatorial  scin¬ 
tillation  data,  AF.-E  satellite  data,  and  in  situ  rocket  probes  [Rinoet 
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Figure  11I.C.1.  Definitions  of  characteristic  scales  in  the  horizontal  and  vertical 
direction. 


al. ,  1981:  Livingston  et  al.  ,  1981;  Kelley  et  al . ,  1982a;  1982b].  The 

outer-scale  wave  number  k  marks  the  point  at  which  well-defined  power-law 

o 

behavior  begins.  Although  it  has  not  yet  been  measured  adequately,  k  ~ 

o 

2n/10  km  seems  to  be  a  conservative  lower  bound.  Between  k  and  k, ,  the 

o  b 

_P1 

one-dimensional  SDF  has  the  power-law  form  k  ,  with  I  <  p ^  <  2 .  We  have 

observed  consistently  a  systematic  change  in  p^,  with  the  more  highly 

disturbed  data  favoring  p^  closer  to  unity  [Livingston  et  al.,  1981].  The 

change  in  slope  of  the  spectrum  at  k,  is  a  well-defined  and  repeatable 

b 

feature.  Basu  et  al.  [1983]  report  a  median  wavelength  (2n/k^)  of  ~750  m. 

Thus,  k  and  k,  essentially  delineate  the  intermediate-scale  regime, 
o  b 

Between  k,  and  k  ,  the  one-dimensional  in  situ  SDF  admits  a 
b  g 

similar  power-law  form  with  p^  greater  than  2.  In  fact,  p^  can  be  signi¬ 
ficantly  larger  than  2  in  the  transitional  regime.  Equatorial  data  from 


Ascencion  Island  are  consistent  with  spectral  index  values  at  least  as 
high  as  A  [Franke  and  Liu,  1983].  The  abrupt  steepening  expected  at  the 
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Figure  II1.C.2.  Schematic  representation  of  one-dimensional  in  situ  spectral 
density  function. 

ion  gyro  radius  has  been  elusive  hut  evidently  has  been  observed  in 
rocket  data  [Singh  and  Szuszczewicz ,  1984],  The  shape  of  the  measured 
one-dimensional  spectrum  at  the  equator  docs  not  seem  to  depend  on  whether 
the  scans  are  primarily  vertical  (rocket  data)  or  horizontal  (satellite 
and  scintillation  data). 
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In  most  of  our  predictive  modeling  to  date,  the  mathematical 


model 


4(k)  = 


.  2i\h-1/2 
9+9  I 


(III. C. 1.3) 


has  been  used.  To  accommodate  anisotropy,  q  is  a  quadratic  form  in  k  , 


k  ,  and  k  with  coefficients  that  depend  on  the  axial  ratios  along  and 

y  ^ 

transverse  to  the  magnetic  field,  a  and  b,  respectively.  The  v  index  is 


related  to  p^  as 


Pj  =  2v  -  1 


(III. C. 1.4) 


The  applications  to  propagation  theory  are  summarized  in  Rino  [1982]. 


Phenomenology  codes  such  as  SCENARIO  predict  the  electron  density  vari- 
2 

ance,  <|N  |  >.  With  an  assumed  value  of  q  ,  the  structure  or  turbulence 


level  is  determined  from  a  relation  such  as 


<an2>  =  c  q  (2v  2)r(v  -  d/[8tt3/2  r(v  +  1/2)]  ,  (in.c.1.5) 

0  s  o 


which  is  obtained  by  integrating  F,q.  (III. C. 1.3)  over  all  k.  Although 
this  relatively  simple  formulation  provides  reasonable  estimates  for 
systems  studies,  we  would  ultimately  like  a  physics-based  model  that  is 
consistent  with  the  one-dimensional  SDF  in  Figure  III.C.2. 


This  is  a  formidable  task  that  has  eluded  researchers  for 


nearly  twenty  years.  Although  no  complete  solution  to  the  problem  is  vet 
in  sight,  the  mechanisms  that  potentially  can  affect  the  spectral  regimes 
in  Figures  III.C.l  and  III.C.2  are  being  modelled.  The  fact  that  in  the 


intermediate-scale  regime  the  spectral  index  is  less  than  2  implies  that  a 


range  of  irregularity  scale  sizes  are  contributing.  For  k  values  larger 


than  k,  ,  however,  the  shape  of  the  individual  irregularities  is  primarily 
b 


responsible  for  the  spectral  characteristics.  The  shallow  intermediate- 


scale  spectral  index  suggests  a  cascade  of  structure  in  that  scale-size 
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regime  that  may  be  amenable  to  analysis  using  statistical  turbulence 

theory.  At  these  large  scales,  we  may  justifiably  ignore  diffusion  as 

well,  as  discussed  in  Section  1II.C.3.  Beyond  k,  ,  however,  complex  dif- 

b 

fusive  processes  clearly  play  an  important  role  in  determining  the  shape 
of  the  SDF. 

To  date,  the  diffusion-free  and  diffusion-dominated  regimes 
have  been  studied  independently,  the  hope  being  that  these  two  pieces 
ultimately  can  be  incorporated  into  a  unified  model.  In  Section  III.C.2, 
we  review  the  general  theory  and  suggest  how  that  link  might  be  made.  The 
results  will  also  set  the  background  for  the  turbulence  theory. 

2 .  The  Coupled  Potential  and  Continuity  Equations 

A  thorough  review  of  fluid  theory  as  it  is  formulated  for 
numerical  simulations  can  be  found  in  Zalesak  et  al. ,  [1985].  For  our 
purposes  here,  we  shall  summarize  only  the  principal  functional  elements 
of  the  theory.  From  the  momentum  balance  equations  for  ions  and  elec¬ 
trons,  we  can  derive  a  formal  expression  for  the  transverse  currents  of 
the  form 

J,  =  k  AF  +  k  AF  x  a  ,  (III. C. 2.1) 

1  r  H  z 

where  AF  is  the  difference  between  the  instantaneous  forces  that  act  on 
the  ions  and  the  electrons.  Four  forces  are  involved:  (1)  external 
forces  from  applied  electric  fields,  neutral  winds,  and  gravity;  (2) 
inertial  forces  including  advection;  (3)  pressure  gradients;  and  (A) 
polarization  fields,  which  maintain  overall  charge  neutrality 
( N .  =  N  =  N).  Following  Zalesak  [1985],  we  separate  the  polarization 
potential  into  two  components 

<j)  ( p  ,  z  )  =  <(>  ( p  )  +  <t>D  ( p ,  z  ) 
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(III.C.2. 2) 


where  ^(p)  is  the  convection  potential,  which  does  not  vary  with  height, 
and  4>^(p,z)  supports  the  diffusive  process.  We  shall  give  a  precise  defi¬ 
nition  of  <t>  ( p )  shortly. 

To  derive  an  equation  for  <j>,  we  use  the  charge-neutrality 
condition  V*J  =  0.  Integrating  7*J  along  the  magnetic  field  gives  the 
formal  expression 

00  00 

/  Vj_  •  J  =  /  fz  (Jn)(z)dz  .  (III.  c.  2. 3) 

o  o 

Perkins  et  al.  [1973]  showed  that  in  a  uniform  isolated  plasma,  the  inte¬ 
gral  on  the  right-hand  side  is  zero;  however,  we  can  introduce  fixed 
parallel  currents,  as  with  the  current  convective  instability  [Ossakow 
and  Chaturvedi,  1979],  If  the  right-hand  side  of  Eq.  (III. C. 2. 3)  is  zero, 
the  z-dependent  part  of  4>  is  effectively  removed  from  the  problem.  In  all 
cases,  however,  Zalesak  et  al.  [1985]  showed  that  when  the  inertial  forces 
are  neglected,  Eq.  (III. C. 2. 3)  gives  rise  to  an  equation  for  <j>  of  the  form 

v> 

v*[£pv*c]  +  =  D’VEP  (III. C. 2. 4) 

where  I  is  the  height-integrated  Pedersen  conductivity  and  Z  is  the 
P  H 

height-integrated  Hall  conductivity,  D  is  the  equivalent  fixed  electro¬ 
static  force  or  driver  that  moves  the  plasma  across  magnetic  field  lines. 
The  exact  form  of  the  Hall  term  is  given  in  Zalesak  et  al.  [1985]. 

To  complete  the  specification  of  the  problem,  we  introduce  the 
continuity  equation 

—  +  V* [v . N  ]  =  0  .  (III. C. 2. 5) 

O  L  1 

The  component  of  v^  driven  by  can  be  isolated,  giving  an  equivalent 
expression  of  the  form 


The  equation  for  $  can  be  written  in  the  form 

v[<y*D]  =  g^N:*d^ 


(III. C. 2. 7) 


where  op  =  kN  is  the  local  Pedersen  conductivity.  The  functions  F  and  G 
depend  only  on  the  instantaneous  plasma  'onf iguration  and  Their  exact 

form  is  unimportant  for  the  development  here. 


The  formal  solution  to  the  problem  is  conceptually  straight¬ 
forward.  From  the  configuration  of  the  plasma  at  any  instant  in  time,  one 
first  computes  op  and  then  solves  Eq.  (III. C. 2. 4)  for  <|>  .  One  then  solves 
Eq.  (III.  C.  2. 7)  for  <j>  .  Finally,  one  integrates  Eq.  (III.  C.  2. 6)  forward  a 
small  step  in  time  to  determine  a  new  plasma  configuration.  For  a  single 
uniform  layer,  or  a  simple  system  of  coupled  layers,  the  problem  reduces 
to  the  solution  of  the  equations 


3N  bxV* 

3^-  +  -~ 1  *VNt  =  KVZNt  (III. C. 2. 8) 

and 

V-[NtV4>c]  =  D-VNt  ,  (III. C. 2. 9) 

where  K  is  an  effective  diffusion  coefficient  and  N  is  the  integrated 
electron  density. 

In  the  remainder  of  this  section,  we  shall  consider  the  evolu¬ 
tion  of  plasma  structure  governed  by  Eqs.  (III. C. 2. 8)  and  (III. C. 2. 9), 
which  is  the  simplest  system  that  preserves  both  a  nonlinear  coupling 
mechanism  and  diffusion.  The  solution  to  the  more  general  system  Eq. 

(III. C. 2. 6)  should  admit  similar  spectral  characteristics  at  small  wave 
numbers  where  direct  diffusive  effects  are  negligible.  The  basic  assump¬ 
tion  here,  which  remains  to  be  tested,  is  that  as  long  as  the  rate  at 
which  diffusive  processes  remove  structure  at  small  scale  sizes  is  the 
same,  the  large-scale  spectral  characteristics  will  be  essentially  the 


same. 


Turbulence  theory  attempts  to  deduce  these  spectral  characteris- 


3.  Turbulence  Theory 

Stated  formally,  the  problem  is  to  characterize  the  structure 
evolution  of  the  two-dimensional  scalar  field,  N(p,t),  as  governed  by  the 
coupled  nonlinear  differential  Eqs.  (III. C. 2. 8)  and  (III. C. 2. 9).  The 

vector  p  is  two  dimensional  and  lies  in  the  plane  normal  to  the  unit 

-  2 
vector  b.  The  diffusion  coefficient  K  has  units  of  1  /t.  The  "driver"  D 

when  normalized  to  the  magnetic  field  intensity  B  has  units  of  1/t.  The 

initial  configuration,  N(p,t  ),  completes  the  specification  of  the 

o 

problem. 

Virtually  any  initial  configuration  of  N  with  D  •  VN  £  0  will 
evolve  with  time,  ultimately  developing  highly  irregular  spatial  varia¬ 
tions.  Small  changes  in  the  initial  configuration  cause  large  differences 
in  the  "late-time"  structure,  but  evidently  the  average  characteristics 
remain  essentially  the  same.  Also,  the  large-scale  structure  of  the 
initial  configuration  seems  to  have  more  effect  on  the  time  it  takes  to 
reach  a  quasi-steady  late-time  configuration  than  on  its  average  charac¬ 
teristics.  These  are  conditions  under  which  we  expect  statistical  tur¬ 
bulence  theory  to  be  applicable. 

Following  Kraichnan  [1975],  we  consider  only  initial  configu¬ 
rations  that  admit  spectral  decompositions  of  the  form 


(III.C.3. 1  ) 


where 


k  =  f nAk  ,  mAk  ) 
'  x  y 


(III.C.3. 2) 


Ak  =  2tt/L 

X  X 


Ak  =  2  it  /L 

y  y 


(III.C.3. 3a, b) 


A  =  L  L 
x  y 


(III. C. 3. 4) 


Both  N  and  6  are  periodic  in  L  and  L  .  Effectively,  the  realizations  are 

x  y 

confined  to  a  finite  area.  This  is  not  restrictive  for  applications,  be¬ 
cause  below  some  small  spatial  wave  number,  k  ,  Fourier  modes  cannot  main- 

o 

tain  the  uncorrelated  phase  structures  (a  necessary  condition  for  statis¬ 
tical  homogeneity)  that  are  assumed  in  developing  the  theory.  Our  goal  is 

to  determine  the  form  of  the  SDF  from  k  to  k,  where  diffusion  effects 

o  b 

become  important. 


By  substituting  Eq.  (III. C. 3.1)  into  (III. C. 2. 9),  it  can  be 


shown  that 


9N(k) 

3t 


+  Kx  N(k)  =  j  l  { 


1  r  rb.k'xk' 


)  <Kk')  N(k~)  (III.  C.  3. 5) 


The  symbol  A  Indicates  that  the  summation  includes  only  those  wave  vectors 
k'  and  k"  that  satisfy  the  triangle  equality 


k  =  k'  +  k " ' 


(III. C. 3. 6) 


Multiplying  Kq.  (III. C. 3. 5)  bv  N(k)  ,  we  obtain  the  equation  for  the 
instantaneous  spectral  intensity 


\  +  Kk2  |N  (k  )  |  2  =  ~  l  ")  i(k')  N(k~)  N*(k)  (III.  C.  3. 7) 


It  can  be  shown  that  the  summation  of  the  nonlinear  convection 
term  over  all  k  is  zero.  Thus,  the  nonlinear  mode  coupling  can  change  the 
shap  of  the  spectral  intensity  out  not  the  scalar  variance,  which  changes 
onlv  through  diffusion.  In  the  absence  of  diffusion  (K=0),  F,q.  (III. C. 3. 7) 
conserves  the  scalar  variance,  which  we  define  as 


£1  =  v  V  I N  ( k  )  I  2 


( I II . C . 3 . » ) 


We  can  write  the  general  relation 


(III. C. 3.9) 


where 


-C2K/A )l  k.2  |N (k )  |  2 


(III.C.3. 10) 


where  x  is  the  rate  at  which  scalar  variance  is  lost  through  diffusion. 

To  achieve  a  truly  stationary  configuration,  we  must  somehow  supply  scalar 
variance  at  the  rate  x*  If  a  more  complex  diffusion  process  is  operative, 
the  form  of  Eq.  (III.C.3. 10)  would  change,  but  not  Eq.  (III. C. 3. 9).  This 
is  the  formal  basis  for  assuming  that  the  detailed  diffusive  mechanism 
that  removes  structure  at  small  scale  sizes  will  not  affect  the  spectral 
characteristics  at  long  wavelength. 

Ott  and  Farley  [1974]  first  pointed  out  the  similarity  between 
the  continuity  equation  for  convectively  unstable  plasmas,  Eqs.  (III.C.2.8) 
and  (III. C. 2. 9),  and  the  two-dimensional  Navier-stokes  (NS)  equation.  When 
written  in  terms  of  the  vorticity,  w,  defined  by 


IMS  =  V  x  v 
z 


(III.C.3. 11 ) 


where  v  is  the  two-dimensional  fluid  velocity  vector,  the  NS  equation  is 


3“  „  J- 

- —  +  v  »V  to  =  vv  a) 
9 1 


(III.C.3. 12) 


where  v  is  the  kinematic  viscosity. 

The  similarity  is  purely  formal,  however,  because  Eqs. 

(III. C. 3. 11)  and  (III.C.3. 12)  characterize  inertially  driven  turbulence. 

In  the  absence  of  viscosity,  both  mechanical  energy,  which  is  proportional 

2 

to  the  variance  of  v  ,  and  the  variance  of  vorticity,  which  is  called 
enstropy,  are  conserved  by  Eqs.  (III.C.3. 11)  and  (I II. C. 3. 1 2  ) ,  whereas 
Eqs.  (III.C.2.8)  and  (III.C.2.9)  admit  only  one  conserved  quantity,  SI. 


Systems  with  two  or  more  "rugged  invariants"  [Kraichnan,  1967,  1975;  Fy f e 
et  al. ,  1977;  Sey ler ,  1975]  have  been  studied  extensively,  but  the  results 
do  not  seem  to  be  readily  applicable  to  turbulence  in  convective  plasmas. 

The  formal  difference  between  the  two  systems  can  be  best 
illustrated  by  letting  v  in  the  NS  system  be  represented  in  terms  of  a 
potential  function,  <f>  ,  as 

v  =  a  x  v<(>  .  (III.C.3. 13) 

z  v 

Then,  Eq.  (III.C.3. 11)  can  be  rewritten  as 

2 

V  <J>  =  a)  ,  (III.C.3. 14) 

which  is  Poisson's  equation,  whereas  Eq.  (III. C. 2. 9)  is  equivalent  to 

V2<j>  +  V<j>*  VN  =  D*VN/N  .  (III.C.3. 15) 

Thus,  even  if  the  nonlinear  term  in  Eq.  (III.C.3. 15)  is  neglected,  the 
relationship  between  <p^  and  w  is  fundamentally  different  from  the  rela¬ 
tionship  between  <|>  and  N. 

There  are,  however,  plasma  systems  in  which  the  density  is 
related  to  a  potential  function  via  Poisson's  equation,  and  Sey ler  [1975] 
has  treated  these  collisionless  guiding-center  plasmas  in  detail.  If  we 
are  to  look  for  more  direct  parallels,  ion-inertial  effects  must  be  con¬ 
sidered  in  conjunction  with  ion-neutral  collisions.  Kelley  and  Ott  [1978] 
have  argued  that  when  inertial  effects  dominate,  the  velocity  field  can  be 
characterized  by  the  known  results  from  classical  turbulence  theory. 
Although  this  is  possibly  correct  in  the  col  1 ision less  regime,  the  problem 
of  characterizing  the  structure  of  the  electron  density  remains. 

Another  parallel  can  be  drawn.  Equation  (III. C. 2. 6)  is  also 
identical  in  form  to  the  equation  of  a  passive  scalar.  Passive  scalars 
are  important  in  turbulence  theory,  and  they  have  been  studied  exten¬ 
sively.  The  SDF  of  the  passive  scalar  can  be  determined  in  three  regimes: 
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the  inertial  convective,  convective  dissipative,  and  viscous  convective 
[ Batchelor,  1959].  A  passive  scalar,  such  as  temperature  or  a  dye,  how¬ 
ever,  should  not  affect  the  velocity  field  in  which  it  is  immersed. 
Clearly,  this  is  not  the  case  in  a  convective  plasma  system  nor  for  scalar 
vorticity  in  the  NS  system  because  the  velocity  structure  is  determined  by 
the  current  plasma  configuration.  Nonetheless,  there  are  situations  in 
which  turbulent  velocity  fields  are  mapped  along  field  lines  into  the 
ionosphere  (Sections  III. A  and  III.B).  In  that  case,  at  least  one  com¬ 
ponent  of  the  density  structure  may  behave  like  a  passive  scalar.  At  the 
same  time,  however,  charge  neutrality  Eq.  (III. C. 2. 3)  must  hold. 

Thus,  we  believe  that  Eqs.  (III. C. 2. 6)  and  (III. C. 2. 7)  must  be 
attacked  directly  rather  than  through  parallels  to  classical  turbulence 
theory.  By  using  dimensional  arguments,  Ott  and  Farley  [1974]  showed  that 

$^(k;n)  =  (X/V)f(e,K/(Vk))k-1  ,  (III. C. 3. 16) 


where 


V  =  D/B  (III. C. 3. 17) 

is  the  simplest  form  <5^  can  take  that  is  dimensionally  correct  and  con¬ 
sistent  with  a  diffusion-free  structure  cascade  regime.  The  angle  9  is 
the  angle  between  D  and  n.  The  form  of  Eq.  (III. C. 3. 16)  is  also  consis¬ 
tent  with  the  result  derived  by  Batchelor  [1959]  for  the  viscous  convec¬ 
tion  subrange  of  a  passive  scalar,  but  from  Batchelor's  analysis  it  is 
clear  that  Eq.  (III. C. 3. 16)  is  a  general  property  that  applies  whenever 
the  velocity  field  has  a  high  degree  of  spatial  coherence  compared  to  the 
spatial  coherence  of  N(p,t).  The  scalar  structure  becomes  highly  elon¬ 
gated  and  Eq.  (III.C.3.16)  applies  across  the  direction  of  elongation. 
Thus,  Eq.  (III.C.3.16)  is  a  general  limiting  form  that  sets  a  lower  bound 
of  unity  on  the  spectral  index. 


4. 


Spectral  Characteristics  Deduced  from  Numerical  Simulations 


Numerical  simulations  have  been  used  extensively  to  study  the 
non-linear  evolution  of  isolated  plasma  enhancements  since  the  early 
formulation  of  the  theory  by  Simon,  [1970];  Linson  and  Workman  [1970]; 

Volk  and  Harendel,  [1971];  and  Perkins  et  al . ,  [1973].  Pioneering  work 
was  done  by  Zabusky  et  al.,  [1'  3];  McDonald  et  al . ,  [1974];  and 
Scannapieco  et  al. ,  [1976],  and  has  been  reviewed  by  Ossakow  [1979]. 
Numerical  simulations  were  singularly  successful  in  explaining  the  non¬ 
linear  evolution  of  large-scale  plasma  depletions  at  the  equator. 

The  numerical  techniques  have  undergone  many  refinements,  but 
two  basic  limitations  remain.  The  first  is  purely  practical  because 
finite  computation  speed  and  memory  size  limitations  to  date  have  pre¬ 
cluded  simultaneously  treating  structures  over  more  than  approximately 
three  decades  in  scale  size.  Thus,  we  cannot  follow  the  dynamic  evolution 
of  background  structures  while  resolving  the  small-scale  structure  that  is 
generated  as  the  instability  progresses. 

The  second  limitation  is  more  subtle.  The  process  of  steepen¬ 
ing  and  bifurcation  ultimately  will  generate  structure  at  the  resolution 
limit  of  the  computation  grid.  This  structure  is  removed  by  a  diffusion 
process  that  may  or  may  not  be  an  artifact  of  the  computational  limita¬ 
tion.  At  large  scale  sizes,  real  diffusion  is  relatively  ineffective 
compared  to  the  short  scale-size  regime  where  diffusion  actively  removes 
structure.  However,  the  numerical  method  that  is  used  to  control  the 
removal  of  small-scale  structure  can  affect  the  structure  levels  and 
spectral  shape  at  all  scale  sizes.  We  believe,  nonetheless,  that,  in  a 
diffusion-free  regime  that  encompasses  at  least  a  decade  range  of  struc¬ 
ture  sizes,  numerical  simulations  should  reproduce  a  one-dimensional  SDF 
that  agrees  with  measured  one-dimensional  spectra  if  the  theory  is 
correct . 

To  date,  all  the  reported  spectral  measurements  from  numerical 
simulations  have  produced  spectral  indices  steeper  than  2.  These  values 
may  be  appropriate  for  the  subkilometer  scale  transition  regime  in  which 
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diffusion  is  important  in  controlling  the  shape  of  the  spectrum  as  well  as 
its  intensity.  However,  it  certainly  does  not  explain  the  observations  in 
their  entirety. 

It  is  useful,  therefore,  to  review  the  simulation  results  to 
determine  why  the  discrepancy  between  theory  and  experiment  exists.  We 
suspect  that  the  simulations  that  have  been  performed  to  date  have  not 
been  configured  to  emphasize  the  intermediate  scale  regime.  The  studies 
have  emphasized  either  the  evolution  of  comparatively  large-scale  struc¬ 
ture  [Zalesak  et  al. ,  1982;  Keskinan  and  Ossakow,  1982,  or  the  transition 
to  small-scale  structure  [Keskinan  et  al. ,  1980,  1982]. 

Keskinan  and  Ossakow  [1981]  investigated  the  effects  of  differ¬ 
ent  initial  conditions  on  the  evolution  of  structure  in  a  convecting  slab. 
The  slab  was  seeded  with  both  periodic  and  random  initial  perturbations. 

We  have  reproduced  two  of  their  runs  here  in  Figures  III.C.3  through 

III.C.6.  Figure  III.C.3  shows  the  temporal  evolution  of  a  slab  seeded 

2 

with  a  15  percent  amplitude  periodic  perturbation,  K  =  1  m  /s,  and  an 
initial  gradient  scale  of  6  km.  Figure  III.C.5  shows  the  corresponding 
evolution  for  a  15  percent  rms  random  perturbation. 

The  configurations  after  2400  s  shown  in  Figures  III. C. 3(d)  and 
5(d)  are  very  similar  in  spite  of  the  very  different  intermediate  states 
the  structures  passed  through.  This  late-time  similarity  is  reflected  in 
the  corresponding  one-dimensional  spectra  shown  in  Figures  III.C.4  and 
Ill.C.b. 

In  the  spectra  measured  along  (k  )  and  across  (k  )  the  drivers 

y  x 

are  distinctly  different  in  their  low-frequency  behavior,  but  have  similar 
power-law  indices  of  2.2  to  2.4  in  their  respective  high-frequency  regimes 
The  ky  spectra  measured  across  the  striations  sustain  a  low-frequency 
plateau  to  much  shorter  wavelengths  than  the  corresponding  k^  spectra, 
particularly  for  the  randomly  seeded  slab.  Thus,  the  spectrum  is  aniso¬ 
tropic  with  more  low-frequency  content  along  the  direction  of  the  driver. 
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Real-space  isodensity  contour  plots  of  I(x,y)/Z0  for  L  =  6  km  using 
the  15  percent  random  initial  conditions  at  (a)  t  =  0  s,  (b)  t  =  200 
(c)  t  =  1000  s,  and  (d)  t  =  2400  s. 


Figure  I1I.C.5. 
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Keskinan  and  Ossakow  [1981]  used  the  simple  power  law  form 


*j(k) 
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(III.C.4.  1  ) 


to  fit  the  k  and  k  spectra;  however,  the  data  suggest  that  the  low  fre- 
x  y 

quency  regimes  of  the  k  spectra  could  just  as  well  be  fit  to  a  second 
more  shallowly  sloped  power-law  segment.  The  corresponding  power-law 
index  is  less  than  unity  and  reflects  the  distribution  of  striation  sizes 
present  in  the  late-time  configuration.  Because  this  spectral  regime 

contains  most  of  the  structure  intensity,  it  dominates  spectra  that  are 

—  o 

measured  at  angles  to  D  that  are  not  close  to  90  . 

Similar  behavior  is  observed  in  the  evolution  of  a  simple 
linear  gradient  seeded  by  purely  random  structure.  Figures  III.C.7  and 
III.C.8  are  reproduced  from  Keskinan  and  Ossakow  [1980].  Figure  III.C.7 
shows  the  structure  after  4500  s,  and  Figures  III. C. 8(a)  and  8(b)  show  the 
corresponding  spectra  along  and  across  the  driver,  respectively.  For  this 
simulation  gravity  supplied  the  force  to  move  structure  across  field  lines 
rather  than  an  electric  field,  but  this  change  has  no  effect  on  the  form 
of  the  basic  equations.  In  should  also  be  noted  that  Keskinan  and  Ossakow 
[1980]  used  a  time-varying  recombination  rate  in  place  of  electron  diffu¬ 
sion  to  simulate  the  removal  of  structure  on  the  bottom  side  of  a  rising  F 
layer. 

Turning  to  the  intermediate  or  size-dominated  regime,  in  Figure 
III. C. 8(a)  we  have  drawn  in  a  k  power  law  at  the  low-frequency  end  of 
the  SDF  to  emphasize  the  presence  of  a  size  distribution.  An  important 
question  for  bringing  theory  and  experiment  into  better  agreement  is  how 
to  determine  the  conditions  under  which  a  larger  intermediate  regime  would 
manifest  itself. 


One-dimensional  (a)  horizontal  P(kx )  and 
(b)  vertical  P(ky)  spatial  power  spectra  versus 
kx  and  ky,  respectively,  for  L  =  8  km  at 
t  =  4000  s.  The  solid  lines  are  least 
squares  fits  to  the  numerical  simulations 
(dots)  and  kQ  =  277/960  m. 
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Two  possibilities  emerge:  If  turbulence  theory  is  strictly 
applicable,  the  tendency  to  generate  a  range  of  scale  sizes  depends  only 
on  the  rate  at  which  large-scale  structure  is  supplied,  not  on  the  details 
of  how  it  is  supplied.  Thus,  increasing  the  range  of  the  intermediate 
scale  should  require  only  a  proportionate  increase  in  the  size  of  the 
computational  grid.  Alternatively,  the  large  range  of  scale-size-domin¬ 
ated  structure  observed  in  naturally  occurring  irregularities  may  yet  be  a 
consequence  of  the  initial  configuration  of  the  plasma  or  of  the  nonlinear 
steepening,  which  is  an  intrinsic  part  of  the  process.  We  suspect  that 
both  conditions  occur.  At  the  present  time,  we  are  pursuing  a  collabora¬ 
tive  study  with  the  Naval  Research  Laboratory  to  investigate  this  aspect 
of  the  convective  instabilities  using  numerical  simulations. 
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SECTION  IV 


DIFFUSION  PROCESSES  IN  A  MAGNETIZED  PLASMA 


Previous  sections  of  this  report  have  emphasized  various  sources  of 
plasma  structure.  However,  to  understand  both  the  amplitude  of  irregu¬ 
larities  and  the  detailed  shape  of  irregularity  spectra  completely,  the 
complicated  balance  of  sources  and  sinks  of  structure  must  be  addressed. 

We  cannot  rule  out  the  possibility  that  both  sources  and  sinks  of  struc¬ 
ture  may  have  unique  scale-size  dependencies.  In  this  section,  we  examine 
experimentally  and  theoretically  the  scale-size  dependence  of  plasma 
diffusion  and  the  effect  of  diffusion  on  radio-wave  scintillation  obser¬ 
vations. 

A.  Irregularity  Decay  in  an  Isolated  Plasma  Bubble 

We  describe  complex  signal  scintillation  of  an  isolated  and  decaying 
equatorial  plasma  bubble.  Multiple  scans  through  the  bubble  made  from  the 
Air  Force  Geophysics  Laboratory  (AFGL)  Airborne  Ionospheric  Observatory, 
show  evolution  of  irregularity  energy  over  a  broad  range  of  scale  sizes. 

At  wavelengths  larger  than  about  4  km,  the  energy  remains  nearly  constant 
with  time.  At  shorter  scale  sizes,  the  spectrum  maintains  an  approximate 
power  law  form  (f  n)  and  n  increases  with  time.  This  behavior  suggests 
that  the  effective  cross-field  diffusion  rate  in  the  F  region  depends  on 
scale  size. 


1.  Introduction 


Irregularity  generation  in  the  nighttime  equatorial  F  region  is 
dominated  by  the  large-scale  electron  density  structures  that  have  come  to 
be  known  as  plasma  bubbles.  These  depleted  regions  and  the  irregularities 
that  they  produce  as  they  develop  are  clearly  associated  with  radar  back- 


scatter,  ionogram  spread  F,  airglow  depletions,  and  radio-wave  scintillation 
[Ossakow,  1979,  and  references  cited  therein].  Typically,  the  experi¬ 
mental  effort  has  been  directed  toward  understanding  the  growth  and  full- 
development  phases  of  plasma  bubbles  in  the  earl v-eveni ng  local-time 
sector.  In  this  report,  we  describe  measurements  of  a  much  weaker,  decay 
phase  bubble.  By  making  repented  scans  through  that  bubble,  detailed 
changes  in  its  irregularity  content  have  been  measured. 

The  observations  were  made  using  the  AFCL's  Airborne  Iono¬ 
spheric  Observatory.  Previous  measurements  using  the  aircraft  have  estab¬ 
lished  the  bottomside  airglow  and  spread-F  and  intensity  scintillation 
signatures  of  equatorial  plasma  bubbles  [e.g.,  Weber  et  al.  ,  1980].  In 

early  1979,  the  scintillation  measurement  capability  of  the  aircraft  was 
expanded  to  record  complex  signal  measurements  from  CW  satellite  sources 
using  a  technique  outlined  in  Livingston  [1983].  The  phase  of  a  trans- 
ionospherical ly  propagated  signal  is  not  strongly  affected  by  diffraction 
at  the  frequencies  and  perturbation  levels  of  interest  here  [R_ino,  1979], 
and  its  power  spectrum  provides  an  almost  direct  mapping  of  the  in  situ 
irregularity  continuum.  The  inherent  sensitivity  of  the  phase  measure¬ 
ments  also  makes  it  possible  to  observe  subtle  changes  in  that  continuum 
over  a  large  range  of  spatial  scales.  This  time/wavelength  dependence  of 
spectral  energy  is  an  essential  element  in  the  definition  of  irregularity 
decay. 

2.  Experiment  Background 

The  observations  included  in  this  section  were  made  during  a 
flight  from  Ascension  Island  on  27  and  28  March  1979;  the  objective  of 
that  flight  was  to  locate  an  isolated,  eastward-drifting  plasma  depletion 
and  to  make  repeated  scintillation  measurements  through  the  disturbance  as 
it  decayed.  A  route  was  selected  far  enough  south  of  the  magnetic  equator 
to  ensure  high  background  airglow  intensities  of  6300  A  to  contrast  with 
tile  plasma  bubbles  and  associated  airglow  depletions.  F.arlv  in  the  flight, 
one  moderate  airglow  depletion  was  observed,  but  the  structure  had  decaved 
before  any  propagation  ravpaths  intersected  the  disturbance.  A  second 
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depletion  was  encountered  shortly  afterwards,  and  at  local  times  between 
2300  to  0130,  a  series  of  east-west  legs  were  flown  to  make  repeated 
scintillation  and  optical  measurements  of  the  bubble  as  it  decayed. 


Figure  IV. A. 2  shows  the  all-sky  6300-A  airglow  images  for  three 
times  during  the  flight.  The  dots  indicate  the  propagation-path  intersec¬ 
tion  at  the  assumed  airglow  emission  height  of  250  km,  where  the  all-sky 
lens  images  a  circle  of  600-km  radius  in  the  ionosphere.  The  airglow 
depletions  visible  in  Figure  IV. A. 2,  although  structured,  are  relatively 
weak  compared  to  others  measured  near  Ascension  Island  in  1978  [Weber  et 
al.  ,  1980].  They  do,  however,  verify  that  it  is  the  same  structure  that 
is  being  intercepted  on  consecutive  aircraft  passes. 

3.  Structure  of  Total  Electron  Content  and  Intensity  Scintillation 

Figure  IV. A. 3(a)  shows  the  signal  intensity  and  large-scale 

dispersive  phase  variation,  flying  eastward  for  Leg  1,  the  first  scan 

through  the  bubble.  The  onset  of  intensity  scintillation,  which  is  caused 

by  irregularities  of  ~  200-m  cross-field  dimension,  is  very  rapid  on  the 

western  edge  of  the  disturbance  and  is  associated  with  a  gradient  in  TEC, 

17  2 

which  entails  a  decrease  in  column  density  of  about  1  x  10  electrons/m  . 

The  generation  of  plasma  bubbles  in  the  nighttime  equatorial 
ionosphere  is  by  now  a  much-studied  and  reasonably  well-understood  pro¬ 
cess.  In  some  cases,  the  bubble  growth  is  moderate  or  stalls  at  an  early 
stage,  leaving  a  large,  westward  tilted  density  depletion  in  the  bottom- 
side  F-region  [Tsunoda,  1981].  Although  the  large-scale  growth  stage  of 
the  bubble  itself  has  ended,  its  edges  can  structure  as  a  result  of  the 
gradient  drift  instability.  At  these  local  times,  the  zonal  neutral  wind 
is  large  ( ^  150  m/s)  and,  eastward  so  that  westward-directed  plasma 
gradients  are  unstable.  Therefore,  the  westward  edge  of  an  upwelling  is 
most  likely  to  develop  intermediate-scale  structure.  This  behavior  is 
consistent  with  Figure  IV. A. A,  which  is  a  simple  model  based  upon  our  ATEC 
and  scintillation  data  for  Leg  1.  The  vertical  extent  of  the  bubble  can 
only  be  guessed.  There  is  no  question,  however,  that  the  west  wall  is 
structured  in  regions  where  the  plasma  drift  vector  and  the  density 
gradients  are  parallel. 
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27  28  MARCH  1979 


Figure  IV. A. 3.  intensity  and  phase  records  for  scans  through  the  bubble. 


Figure  IV.A.4.  One  possible  configuration  of  electron 
density  (contours)  and  irregularity 
distribution  (shaded)  that  duplicates 
the  observed  signal  structure. 

In  Figures  IV. A. 3(b)  through  IV. A. 3(e),  the  intensity  scintil¬ 
lation  and  ATEC  for  subsequent  cuts  through  the  drifting  bubble  are  shown. 
For  westward  legs,  the  time  scales  have  been  reversed  and  expanded  to 
match  those  eastward,  in  both  direction  and  distance.  The  relative 
eastward/westward  time  scales  were  ascertained  by  first  locating,  in  space 
(Figure  IV.A.l),  the  westward  intensity  scintillation  or  depletion  bound¬ 
aries  for  consecutive  legs.  This  yields  a  cross-field,  macroscale  drift 
of  ~  90  m/s  throughout  the  observation  period  at  a  penetration  altitude  of 
3 SO  km. 

By  comparing  flight  legs  in  Figure  IV. A. 3,  we  see  that  the 
intensity  scintillation  declines  rapidly  to  a  level  indistinguishable  from 
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the  noise  level  by  the  fourth  leg,  but  the  ATEC  pattern  remains  nearly 
constant  in  form.  (On  the  second  leg,  the  phase  data  is  distorted  before 
2325  UT  by  rapid  aircraft  deviation  from  straight  and  level  flight.) 


4.  Phase  Spectra  and  Irregularity  Decay 

The  intensity  records  in  Figure  IV. A. 3  effectively  illustrate 
the  east-west  asymmetry  in,  and  temporal  decay  of  >  400-m  spatial  scale 
irregularities.  The  phase  data  and,  in  particular,  the  temporal  changes 
in  energy  and  the  shape  of  the  phase  spectra  from  leg  to  leg,  can  be  used 
to  determine  the  decay  rate  quantitatively  and  provide  information  about 
possible  decay  mechanisms. 

In  Figure  IV. A. 5,  the  phase  spectra  of  the  overall  bubble  are 
shown  for  the  three  eastbound  legs  (Legs  1,  3,  and  5).  These  have  been 
offset  from  one  another  by  10  dB  for  clarity.  By  including  the  entire 
bubble  in  each  spectrum,  we  can  observe  structure  in  spatial  wav:-,'.'"  hs 
from  the  ~  80-km  outer  scale  down  through  about  400  m.  For  the  east- 
bound  flight,  the  bubble  drifts  with  the  aircraft,  producing  an  effective 
scan  rate  of  ~  110  m/s.  This  establishes  the  correspondence  between  the 
temporal  and  irregularity  cross-field  spatial  scales  shown. 

The  spectrum  for  Leg  1  is  in  a  familiar  experimental  form 
(although  no  theory  has  yet  successfully  predicted  this  power-law  index). 
It  is  nearly  power  law  with  an  average  spectral  index  near  -2.5;  this 
slope  and  the  spectral  density  levels  agree  well  with  those  observed  in 
morphological  studies  of  irregularity  spectra  at  the  equator  [e.g., 
Livingston  et  al. ,  1981],  Such  a  phase  spectral  index  corresponds  to  a 
one-dimensional  rocket  or  satellite  spectrum  with  index  of  -1.5.  We 
consider  it,  then,  to  be  the  signature  of  a  region  sampled  during  or 
shortly  after  Ray leigh-Taylor  or  gradient  drift  structuring  or  both,  as 
already  suggested.  For  Legs  3  and  5,  however,  sampled  some  40  and  70  min 
after  Leg  1,  the  spectra  have  considerably  steepened  through  energy  decay 
at  short  spatial  scales.  For  purposes  of  discussion,  we  will  use  the 
break  in  the  spectra,  which  this  decay  creates  near  4  km,  as  the  dividing 
line  between  two  different  regimes. 
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Figure  IV.A.5.  Phase  power  spectra  for  the  bubble. 


At  spatial  scales  larger  than  about  4  km,  the  spectra  are 

nearly  equal  in  shape  and  in  energy  content  for  all  flight  legs.  The 

decay  at  the  peak  is  only  about  5  dB  in  70  min.  Because  the  scintillation 

2  2 

technique  is  sensitive  to  (AN)  rather  than  (AN/N)  ,  however,  some  of  the 

decrease  may  be  caused  by  lower  absolute  plasma  density.  A  detailed 

interpretation  of  the  spectral  features  in  this  large-scale  regime,  which 
is  dominated  by  aeronomic  processes  [ Booker,  1979],  is  beyond  the  scope  of 
this  paper.  The  broad  enhancement  in  energy  centered  near  7  km,  which  is 
made  conspicuous  by  the  energy  depletion  near  15  km,  may  be  a  remnant  of 
the  larger-scale  perturbation  (e.g.,  a  gravity  wave),  which  initiated  the 
bubble.  We  note  that  this  feature  is  very  similar  to  that  seen  in  the  in 
situ  electron-density  spectra  presented  by  Kelley  et  al.  [1982a). 
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Of  more  interest  to  the  present  study  and  in  contrast  tc  the 
stability  of  large-scale  structure,  energy  at  short  scales  decays  rapidly 
during  the  observation  period.  For  example,  at  an  irregularity  scale  size 
near  1  km,  the  energy  decays  at  an  even  rate  of  ~  9  dB  per  hour  from  Leg  1 
to  Leg  3  to  Leg  5.  Using  the  relationship 


| AN | 2  (k,  tQ  +  t)  =  1  AN | 2  (k,  t  )  exp  -  {2k2Dt}  ,  (IV. A. 1) 

2 

we  find  a  diffusion  coefficient  for  k  =  (2tt/1000  m)  of  7  m  /s.  On  the 
other  hand,  the  classical  ambipolar  cross-field  diffusion  coefficient 
(which  is  equal  to  twice  the  electron  perpendicular  diffusion  coeffi¬ 
cient)  is  given  by 

D  =  2p2u  a  0.96  m2/s  .  (IV. A. 2) 

lc  e  e 


The  diffusion  coefficient  at  the  1-km  scale  is  thus  considerably  greater 
than  the  classical  ambipolar  rate. 

As  we  discuss  more  fully  below,  an  enhanced  diffusion  rate  is 
not  difficult  to  explain.  What  is  more  interesting  is  that  a  single  dif¬ 
fusion  coefficient  (independent  of  k)  cannot  be  used  to  describe  the 

2 

process.  For  example,  by  choosing  D  =  7  m  /s,  we  can  match  the  decay  rate 

at  1  km,  but  that  is  the  only  scale  at  which  the  decay  rate  is  matched  by 

the  classical  formula  given  in  Eq.  (IV.A.l).  This  result  is  illustrated 

in  Figure  IV. A. 6  where  Eq.  (IV.A.l)  has  been  solved  at  a  time,  t  ,  cor- 

2  ^ 

responding  to  Leg  5  with  an  input  spectrum  | AN |  (k,  t  )  matched  to  the 

Leg  1  data  (the  straight  line  in  Figure  IV. A. 6  is  the  least  squares  fit  to 
the  data  in  Leg  l).  The  solution  matches  the  observed  spectrum  at  1  km. 
However,  the  experimental  decay  rate  is  considerably  higher  at  longer 
wavelengths  and  considerably  slower  at  shorter  scales. 

The  data  in  Figure  IV. A. 5  provide  an  opportunity  to  determine 
empirically  the  scale-size  dependance  of  the  diffusion  rate,  D^(k).  Over 
the  scale-size  regime  400  m  <  A  <  4  km,  the  spectra  in  Figure  IV. A. 5  are 
nearly  power  law  with  slopes  of  -2.5,  -4,  and  -5,  respectively.  Bv  equat- 
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Figure  IV. A. 6.  Comparison  of  observations  of 

theoretical  predictions  based  on 
Eq.  (IV.A.1 ). 


in#  the  value  of  | AN |  at  4  km  for  three  such  power-law  spectra  and  dif¬ 
ferencing  the  curves  at  all  other  scale  sizes,  we  can  solve  Eq,  (IV.A.l) 
for  D^(k).  The  result  is  plotted  in  Figure  IV. A, 7.  The  curve  represents 
the  average  between  differencing  Leg  5  and  Leg  1  and  Leg  3  and  Leg  1.  Thi 
error  bars  indicate  the  differences  in  the  two  estimates.  This  empirical 
D^(k),  of  course,  depends  on  the  model  in  the  sense  that  Eq.  (IV. A. 3) 
assumes  that  each  Fourier  mode  decays  independently  of  the  adjacent  modes 
As  discussed  below,  it  is  unlikely  that  the  classical  mechanism  or  mechan¬ 
isms  that  lead  to  anomalous  decay  characteristics  share  the  property  of 
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Figure  IV. A. 7.  Empirically  derived  diffusion  coefficient. 


mode  independence.  The  D^'k)  that  we  have  found  should  thus  be  regarded 
as  both  empirical  and  model  dependent. 


Discussion 


Enhanced  Classical  Diffusion. 


A  diffusion  coefficient  enhanced  with  respect  to  the  ambi- 


bipolar  rate  can  be  understood  as  follows.  The  ambipolar  rate  occurs  when 


the  more  rapid  perpendicular  ion  diffusion  leads  to  a  space-charge  electric 


field  tnat  severely  limits  the  ion  flow  and  slightly  enhances  the  electron 
cross-field  velocity  component.  An  equilibrium  results  in  which  the  two 


fluids  diffuse  at  the  same  rate.  Now  if  field-aligned  currents  can  flow, 


for  example,  to  a  "conducting  end  plate"  such  as  the  E  region  in  the 
auroral  r.one  [Vickrey  and  Kelley,  19B2],  the  ambipolar  electric  field  can 
be  "shorted  out"  and  diffusion  proceeds  at  the  faster  rate  determined  bv 


•  ,  -  .v.vv->'A  -  -  ** . 

J-  -r  -r  f  e,  c,  ,  „■ 


(IV. A. 3) 


where  the  Ep  are  the  height-integrated  Pedersen  conductivities.  The  E 
region  is  of  little  importance  in  the  nighttime  equatorial  zone.  However, 


the  conjugate  F  region  has  a  comparable  conductivity  that,  when  substi- 

E  -1 

tuted  for  £_  above,  implies  that  D,  =  0.5  D,,.  Taking  v.  =  0.6  s  and 

P  lc  li  in 

p.  =  5  m  corresponding  to  a  height  of  350  km  yields  D^c  =  7  ni  /s.  Thus, 
the  enhanced  diffusion  rate  is  not  as  surprising  as  the  observed  wave¬ 
length  dependence;  i.e.,  the  rate  of  diffusion  could  be  explained  classi¬ 
cally,  but  the  spectrum  of  decaying  turbulence  is  another  matter.  In  the 
next  two  sections,  we  investigate  two  mechanisms  that  produce  diffusion 
whose  rate  depends  on  scale  size. 


Ossakow  [1981],  Kelley  [1982],  and  perhaps  others  have  suggested  that 
drift  waves  play  an  important  role  in  F-region  diffusion.  In  linear 
theories  these  waves  are  destabilized  by  gradients  in  the  plasma  and,  in 
their  nonlinear  state,  act  to  smooth  out  the  gradients  that  produce  them. 
The  result  is  anomalous  diffusion  of  the  driving  structure. 

Gary  [1980]  has  analyzed  anomalous  diffusion  caused  by 
drift  waves.  The  waves  grow  at  wavelengths  such  that  k^p^  s  1,  which  cor¬ 
responds  to  wavelengths  below  about  40  m.  Kelley  et  al.  [1982b]  and 
Kelley  [1982]  have  compared  the  amplitude  and  spectral  forms  of  both  den¬ 
sity  and  electric-field  fluctuations  in  this  wavelength  regime  pre¬ 
dicted  by  Gary  [1980]  and  by  Bernhardt  et  al.  [1982],  and  found  excellent 
agreement  with  data  obtained  in  the  topside  equatorial  spread-F  environ¬ 
ment  (i.e.,  altitudes  >  280  km). 
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D  =  1.29  D, .  (K£)  (IV. A. 5) 

a  li 

where  l  is  the  ion  mean  free  path  parallel  to  the  magnetic  field, 

(V^  ^/v  ),  and  K  corresponds  to  the  gradient  scale-length,  (1/n  dn/dx) 

yave  number.  For  a  sinusoidal  driver  with  wavelength  of  3  km,  correspond¬ 
ing  to  the  break  in  the  spectrum  and  a  mean  free  path  of  450  m,  D  =1.2 

2  a 
D  ^  17  m  /s. 

This  result  is  in  reasonable  agreement  with  the  present 
data  set  in  the  sense  that  the  enhanced  decay  at  long  wavelengths  may  be 
explained.  Because  the  drift  waves  themselves  occur  only  at  very  short 
wavelengths,  however,  we  must  hypothesize  a  link  in  k  space  for  this 
mechanism  to  be  valid.  In  fluid  turbulence  theory,  such  a  linkage  occurs 
in  the  inertial  subrange  where  energy  is  passed  between  adjacent  wave  num¬ 
bers  leading  to  a  cascade  from  large  to  small  scales  (Section  III.C).  The 
net  effect  is  to  maintain  the  energy  level  in  the  intermediate  range,  with 
dissipation  occurring  at  short  wavelengths. 

These  arguments  must  remain  somewhat  speculative  because 
turbulence  theory  is  not  as  well  developed  in  plasma  applications.  The 
data  are  not  inconsistent  with  these  concepts,  however,  provided  an  analog 
of  the  inertial  subrange  exists  in  plasmas. 


c.  The  Image  Formation  Process. 

An  alternative  mechanism  that  produces  a  scale  size  de¬ 
pendent  loss  of  F-layer  structure  has  been  proposed  by  Vickrey  et  al. 
(1984],  who  have  investigated  the  formation  of  image  striations  in  the  F, 
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layer  theoretically.  Images  result  from  the  finite  compressibility  of  the 
E-region  ion  gas.  Because  the  electron  gas  is  incompressible  in  both  the 
E  and  F  regions,  however,  the  image  formation  process  redistributes 
electrons  along  the  magnetic  field  line  such  that  V  •  J  =  0. 

The  model  calculations  of  Vickrey  et  al.  [1984],  show  that  the 
saturated  E-region  image  spectrum  has  a  peak  near  1  km  scale  size  in 
agreement  with  near-equatorial  rocket  observations.  Because  the  image  ir¬ 
regularities  grow  at  the  expense  of  F-layer  plasma,  Vickrey  et  al.  [1984], 
argued  that  the  "effective"  diffusion  rate  in  the  F  layer  would  reflect, 
at  least  qualitatively,  the  scale-size  dependence  of  the  image  formation 
process.  The  present  observations  support  that  argument.  It  should  be 
kept  in  mind,  however,  that  the  observed  spectrum  is  a  balance  between 
possibly  scale-size  dependent  drivers  and  loss  mechanisms.  Nevertheless, 
the  present  observations  support  a  "nondriven"  situation  in  which  the 
spectral  evolution  is  determined  purely  by  diffusion  processes.  A  quan¬ 
titative  time-dependent  cross-field  diffusion  model  including  magnetic 
field-line  coupling  effects  is  described  in  Section  IV. C. 


The  Effects  of  Diffusive  Decay  on  Spectral  Me asurements 


Diffusion  is  an  important  consideration  in  all  phases  of  the  develop¬ 
ment  of  irregularity  structure.  For  mos  :  applications,  the  structure 
evolution  is  characterized  by  the  convection  equation 


3N  b  x  V<|> 
It  +  B~ 


VN 


(IV. B.  1  ) 


where  N  is  the  electron  density,  0  is  the  electrostatic  potential,  and  K 
is  a  diffusion  coefficient.  Equation  (IV.B.l)  characterizes  the  structure 
evolution  in  the  plane  transverse  to  the  magnetic  field  Bb. 

If  we  define  the  mean  square  density  fluctuation  as 

N2  =  j  X  N2  =  J  X  lN(k)|2  ,  (IV. B. 2) 

P  < 
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where  A  is  a  normalization  factor,  it  can  be  shown  that 


—  2K  NV2N 

O  t 


(IV. B. 3) 


Thus,  in  the  absence  of  diffusion,  (K  =  0)  N  is  conserved.  The  nonlinear 
term  in  Eq.  (IV. B. I)  can  only  redistribute  structure  among  the  Fourier 
modes.  It  follows  that  diffusion  and  the  instability  drivers  are  the 
parameters  that  determine  the  perturbation  strength  and  its  spectral 
characteristics. 

One  means  of  measuring  diffusion  is  to  observe  the  decay  of  structure 
at  a  time  when  the  driver  is  known  or  believed  to  be  very  small,  e.g.,  in 
a  decaying  equatorial  plume.  In  that  case,  Eq.  (IV.B.l)  becomes  a  simple 
diffusion  equation 


f  - 


(IV. B. 4) 


The  conditions  under  which  Eq.  (IV. B. 4)  can  be  applied,  however,  neces¬ 
sarily  involve  long  observation  intervals.  Thus,  diffusion  may  well 
change  the  spectrum  over  the  period  that  it  is  being  measured.  We  have 
developed  a  model  to  evaluate  this  effect. 

I .  Diffusion  Model 

A  general  solution  to  Eq.  (IV. B. 4)  is 


N(p;  t)  =  £  N(k)  exp  { — Kk ^ t }  exp  {-ik  •  p} 


(IV. B. 5) 


which  can  be  easily  verified  by  direct  substitution.  The  one-dimensional 
temporal  SDF  derived  from  a  moving  probe,  or  a  scintillation  measurement 
if  appropriate  conversions  are  made,  is 


(w)  =  <1 


/ 


vt,  t)  exp  {-iwt}  dt |  > 


(IV. B. 6) 
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where  T  is  the  length  of  the  measurement  interval  and  v  is  the  scan 
velocity. 


By  substituting  Eq.  (IV. B. 5)  into  Eq.  (IV.B.b)  it  can  be  shown 
by  direct  computation  that 

'■P  (w)  =  l  <£>(k)  (w  -  k  •  v;  K)|2  ,  (IV. B. 7) 

k 


where 


9  9  9 

exp  {-2Kk  t  }  l  -  exp  }-2Kk  T }  —  2  cos(aT)  exp  {-Kk  T} 

g  (a;K)  =  - - - -  - -x - t -  .(IV.B.8) 

1  2  2  4 

T  a  +  K  k 


If  K  =  0, 


.  2 

v  (a;  o)  =  ,  (IV. B. 9) 

(cffr 

which  is  the  usual  form  of  the  window  function  for  an  unweighted  spectral 
estimate.  As  the  diffusion  effects  become  dominant  (as  they  must  for 
sufficiently  large  k),  the  weighting  function  rolls  the  spectrum 
exponentially. 

2 .  Numerical  Computations 


To  illustrate  the  effects  of  diffusion  on  spectral  estimates, 
we  have  evaluated  Eq.  (IV. B. 7)  for  parameters  that  are  typical  of 

equatorial  scintillation  measurements — using  a  geosynchronous  satellite  as 

-2.5 

a  signal  source.  Figure  IV.B.l  shows  the  decay  of  k  one-dimensional 

-3. 5 

(q  ’  two-dimensional)  SDF  measured  over  a  10-min  interval  at  t  =  0, 
2700,  and  5400  s.  The  dominant  effect  is  clearly  the  overall  wavelength- 
dependent  decay  of  the  spectrum  controlled  by  the  leading  term  in  Eq. 
(IV.B.8). 

2 

Figure  IV. B. 2  shows  the  same  computation  for  K  =  5  m  / s.  Here, 
the  effects  of  diffusion  are  more  pronounced  and  persist  to  scale  sizes 
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Figure  IV.B.1.  Temporal  decay  of  a  one-dimensional 
irregularity  spectrum  for  K  =  1  m^/s. 


well  above  1  km.  The  effects  of  diffusion  within  the  measurement  interval 
as  manifested,  for  example,  by  the  departure  from  simple  power-law  form 
for  t  =  0,  are  significant  below  ~  1-km  scale  sizes. 

As  a  general  rule,  therefore,  diffusion  effects  within  typical 
intervals  used  for  spectral  estimation  (T  <  600  s)  can  be  ignored  for 
scale  sizes  greater  than  1  km. 


C.  Electrical  Coupling  Effects  on  the  Temporal  Evolution  of  F-Layer 


Plasma  Structure 


In  this  section,  we  examine  a  time-dependent  model  of  F-region  struc¬ 
ture  decay  by  "classical"  cross-field  diffusion  and  electrical  coupling 
along  magnetic  field  lines  to  the  E  region.  The  temporal  behavior  of  the 
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Figure  IV. B. 2.  Temporal  decay  of  a  one-dimensional 

irregularity  spectrum  for  K  =  5  m^/s. 


ion  concentration  fluctuations  is  determined  by  the  electric  field  in  the 

coupled  system  as  well  as  by  the  initial  perturbation  spectra  and  the  E- 

region  recombination  rate.  The  formation  of  image  structure  in  the  E- 

region  ion  concentration  affects  the  lifetime  of  F-layer  structure  in  a 

scale-size  dependent  way.  Once  an  image  is  formed,  the  image  amplitude 

and  the  driving  F-region  structure  amplitude  decay  at  the  same  rate.  At 

2 

large  scale  sizes,  X ( X  =  2  ir/k),  this  rate  is  proportional  to  k  and  the 
ratio  of  the  temperatures  in  each  region.  At  small-scale  sizes,  it 
depends  on  the  E-region  recombination  rate  and  the  temperatures  of  the  two 
regions  but  only  very  weakly  depends  on  k.  The  background  E-region  concen¬ 
tration  determines  the  wave  number  beyond  which  the  structure  amplitude 
decay  rate  is  almost  independent  of  its  scale  size. 


A 
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1 .  Introduction 

Structure  in  the  ion  concentration  and  ambient  electric  field 
in  the  ionospheric  F  region  exists  at  scale  sizes  ranging  from  global 
scales  to  centimeters.  The  sources  of  this  structure  vary  with  location. 
At  the  equator,  for  example,  nighttime  F-region  structure  results  from  in¬ 
stabilities  that  can  dominate  the  plasma  motion.  At  high  latitudes, 
plasma  instabilities  are  accompanied  by  structured  particle  precipitation, 
strong  and  highly  structured  magnetospheric  convection  electric  fields  and 
field-aligned  currents,  all  of  which  can  produce  variations  in  ion  concen¬ 
tration  [Fejer  and  Kelley,  1980].  The  ultimate  spectrum  of  fluctuations 
in  ion  concentration  that  is  observed  experimentally  is  a  balance  between 
the  strength  and  scale-size  dependencies  of  the  sources  and  sinks  of 
structure.  In  this  section,  we  concentrate  on  the  scale-size  dependence 
of  one  structure  removal  process — classical  diffusion.  Other  processes 
(i.e.,  anomalous  diffusion,  nonlinear  mode  coupling,  and  the  like)  may 
produce  additional  scale  size  dependencies  in  the  loss  process  that  are 
not  considered  here.  In  our  treatment,  all  scale  sizes  evolve  indepen¬ 
dently. 

We  show  that  electrical  coupling  along  magnetic  field  lines  to 
the  E  layer  can  strongly  affect  the  temporal  evolution  of  a  decaying 
F-region  irregularity.  The  effects  of  E-region  conductivity  on  the  cross¬ 
field  diffusion  of  plasma  gradients  in  the  F  region  has  been  studied  by 
Vickrey  and  Kelley  [1982].  They  show  that,  for  an  insulating  E  region, 
F-region  diffusion  may  only  proceed  at  the  electron  rate,  but  that  the 
diffusion  rate  increases  with  increases  in  E-region  conductivity.  In  the 
presence  of  a  perfectly  conducting  E  region,  F-region  diffusion  proceeds 
at  the  ion  rate.  Further  work  in  this  area  has  shown,  however,  that  the 
presence  of  F-region  irregularities  can  produce  image  irregularities  in 


the  E  region  by  virtue  of  the  polarization  fields  generated  by  the 
F-region  structure.  Vickrey  et  al.  [ 1 984 ]  have  shown  evidence  for  the  ex¬ 
istence  of  such  images  in  the  equatorial  ionosphere  and  have  shown 


theoretically  that  their  power  spectrum  has  a  peak  ,  sar  1  km.  The  situa- 


Nonetheless,  because  the  E-region  structure  is  driven  at  the  expense  of  F 
region  structure,  they  argued  that  the  effective  F-region  diffusion  rate 
(or  loss  rate)  must  also  depend  on  scale  size. 

Here,  we  examine  quantitatively  the  effects  of  E  region  image 
formation  on  the  decay  of  F-region  structure.  We  show  that  the  loss  rate 
for  F-region  structure  depends  on  scale  size  and  investigate  the  factors 
that  determine  the  scale  size  at  which  maximum  loss  occurs.  The  effects 
of  E-  and  F-region  conductivities  and  E-region  recombination  are  included. 

In  what  follows,  it  is  important  to  draw  a  distinction  between 
an  effective  diffusion  rate  appropriate  to  a  plasma  structure  and  the 
plasma  loss  rate  from  that  structure.  An  effective  diffusion  rate  may  be 
defined  by  assuming  that  the  temporal  evolution  of  a  perturbation  density, 
AN,  at  some  scale  size,  k,  can  be  expressed  in  the  form 

AN(k , t  +  At)  =  AN (k , t )  exp[-At  D(k,t)]  .  (IV.C.l) 

Here,  D(k,t)  is  the  diffusion  rate  that  in  the  classical  case,  [e.g., 

2 

Vickrey  and  Kelley  [1982]  is  proportional  to  k  and  independent  of  t. 
Vickrey  and  Kelley  [1982]  have  shown  that  if  the  effects  of  a  conducting  E 
region  are  considered,  and  if  any  structure  is  assumed  to  have  a  negli¬ 
gible  effect  on  the  local  conductivity  and  its  gradient,  then  the  effec¬ 
tive  ion  diffusion  rate  is  given  by 

ZE  2 

D(k,t)  =  — — — — —  cl  F  k  (IV. C. 2) 

ZE  +  ef  11 

o  o 

where  d.,F  is  the  F-region  ion-diffusion  coefficient  and  E  denotes  the 
ll  o 

height-integrated  background  Pedersen  conductivity  in  either  the  E  or  the 
F  regions. 

An  alternative  approach  to  the  problem  is  to  examine  the  plasma 
loss  rate,  or  the  time  rate  of  change  of  the  perturbation  density  3/3t 
[ AN ( k , t ) ] .  Such  an  approach  is  more  appropriate  here  because  the  effec¬ 
tive  diffusion  rate  is  a  function  of  k  and  t  and  thus  loses  its  usefulness. 
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2.  Theoretical  Background 

The  variation  of  plasma  concentration,  N,  and  velocity,  V,  as  a 
function  of  time,  t,  in  the  ionosphere  is  determined  by  the  continuity  and 
momentum  equations 


3N/3t  =  P  -  L  -  V  •  (NV) 


(IV. C. 3) 


dV./dt  =  1/N  V(NbT.)  +  e(E  +  Vi  *  B)  -  m.  (V±  -  U)  .  (IV. C. A) 


3Vg/3t  =  -1/N  V(NbT£)  -  e/E+V^B)  -  meven(Ve“H)  ~  (IV. C.  5) 


k: 


A 


g 

& 

$ 

i 


Here  P  and  L  denote  the  production  and  loss  rates  for  the  ion  species,  T 
is  the  temperature,  and  E  is  the  electric  field.  The  quantities  b,  e,  v, 
and  B  are  Boltzman's  constant,  the  electronic  charge,  the  collision  fre¬ 
quency  for  momentum  transfer,  and  the  earth's  magnetic-field  vector,  respec¬ 
tively.  Subscripts  i,  e,  and  n  denote  the  particles,  ion  electron  or 
neutral,  to  which  the  parameter  refers.  In  Eq.  (IV. C. A),  we  have  neglected 
the  effects  of  electron-ion  collision  on  the  ions,  and  if  we  further  assume 
that  the  neutral  gas  velocity  U  is  identically  zero,  then  manipulation  of 
Eq.  (IV. C. A)  yields  an  expression  for  the  ion  Pedersen  drift  velocity. 
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e  v. 
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bT  v. 
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2  s  p 


(IV. C. 6) 


Here  v.  refers  only  to  ion-neutral  collisions,  the  subscript  P  denotes  the 
component  in  the  direction  of  the  electric  field  (i.e.,  the  Pedersen 
direction),  and  ft  is  the  ion  gyro -frequency . 

Similar  manipulation  of  Eq.  (IV. C. 3)  yields  an  expression  for 
the  electron  Pedersen  drift: 
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(IV. C. 7) 
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Here,  v  denotes  the  sum  of  the  electron-neutral  and  electron-ion  momentum 
e 

transfer  collision  frequencies.  The  ion  Pedersen  drift  is  included  be¬ 
cause  we  cannot  ignore  electron-ion  collisions  on  the  electrons  and  the 
multiplicative  factor,  R,  is  given  by 


n  u.  /v.  +  v  . v 

e  le  m _ ei  e 

2  2 

9  +  v 

e  e 


(IV. C. 8) 


Equations  (IV. C. 6)  and  (IV. C. 7)  are  used  to  derive  the  Pedersen  current 
[cf.  Francis  and  Perkins,  1975]. 


J_  =  [(l-R)o.  +  a  ]E  -  e [ ( 1 -R )d .  -  d  ]V  N 

P  ip  ep  ll  el  p 


(IV. C. 9) 


where 
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e  v^N 

’lp  -«  +  »»> 


bT  v 

_ l  Z 

m.(^  +  vb 


and  the  subscript  l  denotes  either  ions  or  electrons.  Keeping  in  mind 
the  validity  of  our  assumptions  and  using  appropriate  values  for  the 
parameters,  Eq.  (IV. C. 9)  can  be  used  at  all  altitudes. 

In  our  study  of  the  effects  of  E-region  conductivity  and  images 
on  F-region  structure,  we  adopt  a  simple  plane  geometry  shown  schematical lv 
in  Figure  IV.C.l.  The  F.  and  F  regions  are  considered  as  slabs  connected  by 
vertical,  infinitely  conducting  magnetic  field  lines.  In  both  the  E  and 
the  F  regions,  the  Hall  current  is  assumed  to  be  divergence  free. 

If  additionally  we  assume  that  no  current  flows  out  of  the  top 
of  the  F  region  or  out  of  the  bottom  of  the  F,  region,  then  current  con¬ 
tinuity  at  the  E-F  region  boundary  demands  that 
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F-REGION 


Figure  IV.C.1.  Schematic  illustration  of 

the  plane  geometry  assumed 
in  the  model. 

Vp  =  "  Vp  (IV.C.10) 

where  .1  is  the  height-integrated  current  in  the  region,  the  subscript  P 
again  refers  to  the  Pedersen  direction,  and  the  superscripts  E  and  F  refer 
to  the  K  and  F  regions,  respectively. 

Equation  (IV.C.10)  represents  the  fundamental  electrical  coupling 
relation  bv  which  E-  and  F-region  structures  and  their  associated  electric 
fields  affect  each  other.  In  order  to  examine  the  effects  of  such  struc¬ 
ture,  we  follow  the  bulk  flow  of  the  plasma  in  response  to  an  imposed 
electric  field.  Because  we  treat  only  the  linear  problem,  there  is  no 
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interaction  between  different  scale  sizes.  Thus  we  may  consider  the  total 
ion-concentration  structure  and  the  electric-field  structure  it  creates 
(designated  by  asterisks)  at  each  k  as  a  simple  wave  form,  such  that 


*  * 

N  (k)  =  N  (1  +  AN  (k)/N  ) 
o  o 


(IV. C. 11  ) 


where 


AN  (k)  =  AN(k)  sin(kx  +  6^) 


(IV. C. 12) 


and 


E  (k)  =  E(k)  sin(kx  +  0^ ) 


(IV. C. 13) 


Here  N  is  the  background  undisturbed  ion  concentration,  the  Pedersen 
o 


direction  is  denoted  hv  the  coordinate  x,  and  the  scale  size  X  of  the 
perturbation  is  given  by  A  =  2r/k.  Then,  using  Eq.  (IV. C. 9)  and  assuming 


AN  (k)/NQ  is  independent  of  altitude  in  both  the  E  and  E  regions,  we  can 


show  for  each  region  that 
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(IV. C. 14) 
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The  integrals  extend  over  the  altitude  extent  of  each  slab.  In  this  work 
we  have  used  the  term  "E  region"  rather  loosely  to  denote  the  ionospheric 
layer  between  lHO-km  and  2f)0-km  altitude.  We  treat  this  region  and  the  F 
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region  above  200  km  in  a  height-integrated  fashion  such  that  the  quantity 

AN/N  and  the  electric  field  are  assumed  to  be  uniform  throughout  them. 

This  assumption  may  be  reasonable  in  the  F  region,  but  in  the  E  region  the 
distribution  of  irregularities  will  depend  upon  the  details  of  the  elec¬ 
tric  field  mapping.  The  limitations  of  our  work  in  this  regard  will  be 
dealt  with  in  some  detail  later. 

Equations  (IV.C.10)  and  (IV.C.14)  yield  an  expression  for  the 
electric  field  throughout  the  system  that  can  be  linearized  to  the  form 

[ZF  +  £E]  E(k)  =  -ek [DF  ~  (k)  +  DE  ^  (k) ]  (IV.C.15) 

o  o  o  nF  o  nE 

o  o 

Here  and  henceforth,  the  subscript  ”o”  refers  to  a  property  of  the  back¬ 
ground  ion  and  electron  plasma.  Having  established  the  electrical  coup¬ 
ling  properties  of  the  region,  we  now  return  to  the  local  continuity  Eq. 
(IV. C. 3).  In  the  F  region,  we  neglect  the  chemical  loss  process  because 
it  affects  N^  and  AN  equally  and,  therefore,  will  not  affect  AN/Nq.  Then, 
assuming  all  gradients  are  in  the  Pedersen  direction,  Eqs.  (IV. C. 3), 

(IV. C. 6),  and  (IV.C.14)  give 


ANF(k) 


E(k)  -  k2  DF 

1  N  F 
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(IV. C. 16) 


In  the  E  region,  we  assume  that  the  background  ion  concentration  Nq  is 
maintained  in  equilibrium  against  chemical  recombination  with  rate  a. 
Then  retaining  first  order  terms  in  AN  (k)  we  have 
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(IV. C. 17) 


In  both  equations,  bar  quantities  represent  height  integrals  over  the 
appropriate  region,  and  the  subscript  i  denotes  the  height-integrated 
parameter  applicable  only  to  the  ions.  Substituting  for  the  electric 


field  E(k)  in  Eqs.  (IV.C.16)  and  (IV.C.17)  from  (IV.C.15)  yields  equations 

F  E 

that  can  be  solved  for  AN  (k)  and  AN  (k)  as  a  function  of  time.  Such  a 
procedure  allows  us  to  investigate  the  evolution  of  E-  and  F-region  ir¬ 
regularities  from  a  given  initial  state  assuming  that  there  is  no 
interaction  between  different  scale  sizes. 

3.  Results  and  Discussion 

We  have  investigated  the  effects  of  E-region  image  formation 
on  the  decay  of  F-region  structure  by  solving  the  height-integrated  con¬ 
tinuity  equations  in  the  E  and  F  layer.  In  these  equations,  the  loss 
processes  for  the  irregularities  are  local  cross-field  ion  diffusion  and, 
in  the  E  layer,  chemical  recombination.  The  ambipolar  diffusion  electric 
field  that  opposes  ion  diffusion,  however,  has  now  changed  from  the  local 
value,  bT(VN/N)/q,  to  include  the  electrical  coupling  between  the  E  and  F 
regions.  It  should  be  pointed  out  that  in  these  calculations  we  assume 
that  the  electric  field  maps  unattenuated  throughout  the  E  region  for  all 
the  scale  sizes  we  consider.  The  early  work  of  Farley  [1959]  and  sub¬ 
sequent  work  by  Goldman  et  al.  [1976]  have  shown,  however,  that  this  is 
not  the  case,  which  affects  the  conclusions  that  may  be  drawn  from  this 
height-integrated  slab  model.  If  we  examine  the  applicability  of  the 
various  height-integrated  parameters  in  different  regions  of  the  slab,  we 
can  see  that,  in  addition  to  not  properly  accounting  for  the  electric- 
field  mapping  process,  we  cannot  properly  consider  the  effects  of  chemical 
recombination  for  different  scale  sizes  generated  at  different  altitudes. 
In  the  upper  E  region,  where  the  small-scale  size  image  structure  will 
form  by  electric-field  mapping,  the  height-integrated  recombination  rate 
we  have  used  is  too  large.  But  we  have  also  considered  the  presence  of 
this  image  structure  at  lower  altitudes  where  it  may  not  form.  Thus  to 
some  extent  the  the  inadequacies  in  our  model  may  compensate.  In  order  to 
examine  the  validity  of  our  findings,  we  will  also  discuss  the  results 
obtained,  assuming  the  E  region  lies  only  in  the  height  range  between  180 
km  and  200  km,  where  we  can  safely  assume  the  electric  field  mapping  is 


Throughout  this  work,  we  must  be  careful  not  to  attribute  too 
much  significance  to  the  precise  spectral  forms  of  the  irregularities  in 
the  E  region  but  turn  our  attention  to  their  effects  on  the  temporal  decay 
of  F-region  structure.  Further  discussion  of  this  point  will  appear 
following  the  results.  At  this  stage,  we  proceed  in  the  belief  that  some 
insight  into  the  effects  of  electrical  coupling  can  be  obtained  from  this 
simple  approach  even  though  it  does  not  properly  describe  the  evolution  of 
the  irregularity  spectra.  Ultimately,  the  height-integrated  approximation 
will  need  to  be  removed  to  attach  physical  significance  confidently  to  the 
calculated  spectral  shapes.  Before  illustrating  the  effects  of  this 
coupling  in  detail,  it  is  worth  pointing  out  some  of  its  basic 
properties. 

If  the  E-region  conductivity  is  infinite,  then  the  ambipolar 
electric  field  produced  by  an  F-region  structure  is  shorted  out  com¬ 
pletely,  and  the  decay  of  F-layer  structure  depends  only  on  the  local  ion 
diffusion  constant  d^F.  The  existence  of  E-region  structure  does  not 
affect  this  situation.  At  the  other  extreme,  if  we  assume  that  the  E- 
region  conductivity  is  zero,  then  E  region  structure  cannot  exist,  and  we 

p 

can  show  that  the  coefficient  of  AN  in  Eq.  (IV.C.16)  depends  only  on  the 

local  electron  diffusion  coefficient  d  ,F. 

el 

Figure  IV. C. 2  illustrates  the  temporal  evolution  of  F-region 
structure  in  the  presence  of  a  conducting  E  region  in  which  no  images  are 
formed.  Here  we  have  arbitrarily  selected  an  initial  F-region  spectrum 
that  has  the  form  [Vickrey  et  al. ,  1984] 

(k)  =  - l- - j  (m)  .  (IV.C.18) 

1  +  (k/k  ) 
c 

We  have  not  investigated  the  F-region  spectrum  that  would  result  from  the 

evolution  of  structure  in  the  presence  of  the  coupling  mechanism  described 

-1  -1 

here  but  have  chosen  a  value  for  k  of  3  x  10  m  to  best  fit  observa- 

c 

tions.  Panels  A  and  B  show  the  decay  of  this  initial  spectrum  when  the 

5-3  4-3 

peak  E-region  ion  concentration  is  10  cm  and  10  cm  ,  respectively. 
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Figure  IV. C. 2.  Temporal  evolution  of  F-region  structure  from  an  initial  arbitrary 

spectrum  of  irregularity  amplitudes.  The  curve  labeled  I  evolves 
after  5  min;  that  labeled  F  occurs  after  3  hours.  Intermediate 
states  are  shown  every  5  min.  Different  evolutions  depend  only 
on  the  different  effective  E-region  conductivity,  shown  in  (a) 
and  (b). 


The  curve  labelled  F  shows  the  spectrum  after  a  three-hour  decay  period; 
the  intermediate  spectra  are  shown  every  5  min.  The  curve  labelled  I 
shows  the  state  of  the  structure  after  5  min.  It  should  be  pointed  out 
that  the  evolution  of  the  spectral  shape  is  a  function  of  the  initial 
shape  chosen;  however,  by  dealing  with  a  spectrum,  we  can  contrast  the 
behavior  at  different  scale  sizes.  The  initial  spectral  shape  chosen  is 
based  on  observed  irregularity  spectra,  but  in  the  physical  situation  that 
we  are  modelling  all  scale  sizes  evolve  independently. 

In  both  cases  illustrated  in  Figure  IV. C. 2,  the  irregularities 

decay  in  the  manner  expected  from  our  previous  discussion.  That  is, 

F  F 

AN  /N  decreases  exponentially,  but  the  diffusion  coefficient  in  the 
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exponent  is  reduced  from  its  local  value  by  the  ratio  E  /(E  +  E  ).  In 

o  o  o 

Case  A  this  ratio  is  very  close  to  unity  because  the  E  region  is  an  ex¬ 
tremely  good  conductor.  The  F-region  decay,  therefore,  occurs  at  close  to 
its  maximum  rate.  In  Case  B,  however,  the  diffusion  coefficient  is 
reduced  by  approximately  50  percent  and  the  associated  reduction  in  the 
decay  rate  can  be  seen  by  comparing  the  initial  temporal  evolution  and  the 
final  spectrum  in  the  two  cases.  Figure  IV. C. 3  shows  the  rate  of  change 
of  height-integrated  density  perturbation  (i.e.,  8/3t[AN  ])  for  Case  B  as 
a  function  of  time  and  wave  number  k.  Several  features  of  structure  loss 
with  a  diffusion  coefficient  that  is  independent  of  time  are  evident. 

Most  easily  seen  is  the  existence  of  a  peak  in  the  loss  rate  as  a  function 
of  k  and  the  movement  of  this  peak  to  smaller  values  of  k  as  time 
increases.  It  can  be  shown  in  fact  that  the  maximum  loss  rate  occurs  at 


k  =  (tD) 


1/2 


where  D  is  the  diffusion  constant  and  t  is  the  time  over  which  the  struc¬ 
ture  has  decayed. 

Vickrey  et  al. ,  [1984]  have  already  pointed  out  that  in  order 

to  affect  the  behavior  shown  in  Figures  IV. C. 2  and  IV. C. 3  significantly, 

an  E-region  image  structure  must  develop  substantially  against  chemical 

recombination.  In  a  highly  conducting  E-region,  with  its  associated  high 

ion  concentration,  the  image  amplitude  is  expected  to  be  small.  Figure 

IV. C. 4  shows  this  to  be  the  case.  It  illustrates  the  temporal  evolution 

of  F-region  structure  and  its  associated  E-region  image  (in  the  same 

format  and)  under  the  same  initial  conditions  as  Figure  IV. C. 2  Here,  we 

-7  -3  -1 

have  used  a  recombination  rate  of  a  of  ~  4  x  10  cm  s  .  Comparison 
of  the  F-region  spectra  in  Figures  IV. C. 4  and  IV. C. 2  show  that  the 
E-region  image,  despite  its  small  amplitude,  significantly  affects  the 
F-region  decay.  This  example  also  illustrates  some  fundamental  features 
of  the  image  structure  and  its  temporal  evolution. 

The  image  formation  process  has  been  described  in  some  detail 
by  Vickrey  et  al.  [1984].  The  pressure  gradient  associated  with  F-region 
plasma  structure  causes  plasma  diffusion  in  a  direction  opposite  to  the 
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Figure  IV.C.3. 


Loss  rate  of  the  F-region  column  content  associated  with 
the  structure  in  Figure  IV. C. 2(a).  Contours  of  constant 

loss  rate  in  m~2  S-1  x  10^®  are  shown  as  a  function  of 
time  and  scale  size. 


gradient  in  electron  number  density.  The  resulting  polarization  electric 

field  maps  along  the  magnetic  field  to  the  E  layer  where  the  ion  gas  is 

relatively  compressible.  If  at  some  altitude  in  the  E  layer,  the  ions  are 

compressed  together  by  this  electric  field  at  a  rate  y  that  is  more 

comp 

rapid  than  they  either  diffuse  away  or  recombine  (at  the  rates  y,,.,  and 

d  i  f  t 

Y  ,  ,  respectively)  then  an  "image"  structure  will  form.  These  rates  can 

chem 

be  identified  with  the  second,  third,  and  first  terms,  respectively,  in 
Eq.  (IV. C. 17). 

The  evolution  of  the  E-region  image  structure  shown  in  Figure 
IV. C. 4  can  be  understood  by  considering  the  modelled  situation.  We  begin 
with  some  perturbation  density  in  the  F  region.  This  perturbation  pro- 
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Figure  IV.C.4.  Temporal  evolution  of  F-region  and 
E-region  structures  from  an  initial 
arbitrary  spectrum  of  irregularities 
in  the  F  region.  E-region  structure 
is  produced  by  the  image  formation 
process  in  a  background  concentra¬ 
tion  10®  crrr^,  and  conditions  are 
identical  to  those  for  Figure  IV.C.2(b). 


duces  an  image  structure  in  the  E  region,  and  they  both  evolve:  the  E 
region  growing,  and  the  F  region  decaying  until 


!t(anE)  = 0 


This  condition  is  satisfied  when 
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(IV. C. 19) 
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From  that  point  on,  both  spectra  decay.  Note  that  at  large  scale  sizes 
(small  k),  the  image  amplitude  is  prevented  from  becoming  very  large  by 
E-region  recombination.  This  phenomenon  was  also  seen  in  the  evolution  of 
barium  clouds  by  Doles  et  al.  [1976]  and  will  tend  to  produce  a  peak 
naturally  in  any  E-region  image  spectrum  [Vickrey  et  al. ,  1984]. 

After  5  min,  both  E  and  F  region  spectra  are  seen  to  decay  in 
Figure  IV. C. 4,  implying  that  the  E-region  growth  is  very  rapid  and  the 
structure  reaches  its  maximum  amplitude  in  less  than  5  min.  Because  the 
E-region  spectrum  is  produced  entirely  by  the  F  region,  both  spectra  can 
decay  only  if  they  do  so  in  the  quasi-equilibrium  state  given  by  Eq. 

(IV. C. 19).  Then  Eqs.  (IV.C.16)  and  (IV.C.19)  show  that 
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Examination  of  Eq.  (IV.C.20)  shows  that  the  relative  importance 
of  the  two  terras  in  the  denominator  of  the  right-hand  side  will  determine 
how  the  irregularity  amplitude  will  decay.  For  the  conditions  applicable 
in  Figure  IV. C. 4,  these  two  terms  are  equal  when  k  =  0.05  so  that  for 
large-scale  sizes  (X  >  125  m)  the  irregularity  amplitude  will  decay  so 
that 
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At  small  scale  sizes  (X  <  125  m) ,  the  irregularity  spectral  shapes  will  be 
preserved  as  they  decay  since 
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As  has  been  pointed  out  by  Vickrey  and  Kelley  [1982],  the  amplitude  of  an 
image  structure  depends  strongly  on  the  E-region  recombination  rate  or. 
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identically,  the  E-region  background  ion  concentration.  This  can  be  seen 

from  Eq.  (IV.C.19)  and  by  contrasting  Figures  IV. C. 5  and  IV. C. 4.  In  these 

4  -3 

figures,  which  correspond  to  maximum  E-region  concentrations  of  10  cm 
5  -3 

and  10  cm  ,  respectively,  the  peak  amplitudes  of  the  image  irregular¬ 
ities  differ  by  about  20  dB.  The  temporal  behavior  of  the  image  spectrum 
in  Figure  IV. C. 5  appears  markedly  different  from  that  of  Figure  IV. C. 4  but 

the  differences  simply  reflect  the  characteristics  of  Eqs.  (IV.C.21)  and 

E  2 

(IV.C.22).  As  the  effective  recombination  rate  a(N  )  decreases,  the  k 

o 

value  beyond  which  the  spectral  shape  is  preserved  moves  to  smaller  k 
(longer  wavelengths)  leading  to  a  preserved  spectral  shape  over  much  of 
the  scele-size  range  contained  in  the  figure.  In  this  case  the  transition 
betweer  the  behavior  described  by  Eqs.  (IV.C.21)  and  (IV.C.22)  takes  place 
about  X  2s  1.25  km. 

These  effects  can  be  emphasized  by  allowing  the  E-region  recom¬ 
bination  rate  to  become  zero.  In  this  case,  the  E-region  irregularity 
will  continue  to  grow  until 
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IV. C(23 ) 


where  we  have  assumed  that  the  ion  and  electron  temperatures  are  equal  at 
all  heights  within  a  region.  This  condition  was  also  derived  by  Vickrey 
and  Kelley  [1982]  by  determining  the  E-region  gradient  necessary  to 
produce  an  electric  field  equal  to  the  ambipolar  diffusion  electric  field 
that  F-region  ions  would  experience  if  the  E  layer  were  nonconducting. 

Once  the  condition  in  Eq.  (IV.C.23)  is  reached,  the  E-  and  F-region 
spectra  will  not  decay.  This  behavior  is  seen  in  Figure  IV. C. 6.  It 
should  be  noted  that  at  large  scale  sizes  (small  k)  the  time  required  to 
reach  the  equilibrium  condition  in  Eq .  (IV.C.23)  is  much  longer  than  the 
3-hour  period  we  have  studied,  and  so  the  E-region  spectrum  is  continually 
growing  in  this  figure.  The  image  formation  process  that  we  have  des¬ 
cribed  assumes  that  the  electric  field  and  Pedersen  current  are  distribu¬ 
ted  throughout  the  E-region  slab.  If  we  were  to  assume  that  in  fact  the 
image  forms  in  only  a  very  limited  altitude  range  near  the  top  of  the  E 
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Figure  IV. C. 5.  Temporal  evolution  of  F-region  and 

E-region  structures  from  an  arbitrary 
spectrum  of  F-region  irregularities. 
E-region  structure  is  produced  by 


the  image  formation  process  in  a 
background  concentration  of 
104  cm  Conditions  are  identical 
to  those  in  Figure  IV. C. 4(a). 


region,  then  Eqs.  (1V.C.I9)  and  (IV.C.20)  indicate  that  no  qualitative 
change  in  our  findings  would  result.  We  in  fact  performed  calculations 
assuming  that  the  E  region  (image  region)  lies  only  between  180  and  200  km 
with  the  same  qualitative  behavior  as  that  described  but  with  an  image 
amplitude  some  20  dB  larger  than  previously  calculated.  This  behavior  can 
be  expected  by  considering  the  effect  in  Eq.  (IV.C.19)  of  considerably 
reducing  the  magnitude  of  the  E-region  terms.  Finally,  we  note  that  the 
E-region  image  spectrum  that  we  are  examining  depends  strongly  on  the  F- 
region  driving  spectrum  and  its  evolution.  Nevertheless  it  can  be  shown 
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Figure  IV. C.?. 
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Same  as  Figure  IV. C. 5  except  that 
the  E-region  recombination  rate  is 
reduced  to  zero. 


that  a  maximum  in  the  E-region  spectrum  must  occur  for  all  reasonable 

(i.e.,  monotonically  decreasing)  F-region  spectral  shapes,  and  that  it  can 

_2 

only  occur  at  a  place  where  the  F-region  spectral  slope  is  less  than  k 
This  would  typically  occur  at  scale  sizes  between  1  and  5  km. 

The  effects  of  image  formation  on  the  rate  at  which  an  F-region 
perturbation  density  is  lost  can  be  seen  in  Figure  IV. C. 7.  Contours  of 
constant  perturbation  loss  rate  are  shown  as  a  function  of  k  and  t  for  the 
same  ionospheric  conditions  that  apply  to  Figure  IV. C. 5.  This  figure 
should  be  compared  with  Figure  IV. C. 3,  which  is  appropriate  for  the  same 
conditions  but  assumes  that  the  image  structure  does  not  form.  As  is 
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Figure  IV. C. 7.  Loss  rate  of  the  F-region  column  content  associated  with 
the  structure  in  Figure  IV. C. 5.  Contours  of  constant  loss 
rate  in  m~2  s-  -1  x  1010  are  shown  as  a  function  of  time 
and  scale  size.  Note  a  peak  in  the  loss  rate  at  a  scale 
size  that  remains  relatively  constant  in  time. 


evident  from  the  image  spectrum,  the  maximum  F-region  perturbation  loss 
occurs  where  the  maximum  E-region  growth  appears,  and  for  the  conditions 
chosen  here,  that  scale  size  remains  relatively  constant  with  time.  A 
comparison  of  the  absolute  loss  rates  in  Figures  IV. C. 3  and  IV. C. 7  can  be 
deceiving  because  in  addition  to  the  coupling  effects  themselves  the  loss 
rate  also  depends  on  the  magnitude  of  the  perturbation  density.  In  fact, 
an  examiniation  of  Figures  IV. C. 2  and  IV. C. b  shows  that  the  image  forma¬ 
tion  process  tends  to  preserve  structure  in  the  F  region  at  all  scale 
sizes,  although  the  scale  size  at  which  preservation  becomes  significant 
depends  upon  the  background  E-region  number  density. 
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Figure  IV.C.8.  Temporal  evolution  of  the  ratio  of  F-region  structure  amplitude 
when  the  image-formation  process  is  neglected  to  that  when  it 
is  included.  Contours  of  constant  amplitude  ratio  are  shown 
as  a  function  of  time  and  scale  size.  Structure  is  preserved  at 
all  scale  sizes,  although  little  effect  is  seen  at  very  large  scale 
sizes.  Conditions  are  appropriate  to  Figure  IV .C. 2(a)  and 
Figure  IV.C.5. 

Figure  IV.C.8  shows  contours  of  the  ratio  of  F-region  spectral 
amplitudes  that  result  from  our  calculations  when  decay  is  allowed  to 
proceed  with  and  without  the  formation  of  E-region  images.  Little  change 
in  the  temporal  evolution  is  seen  for  large  scale  sizes,  and  indeed  the 
loss  rate  in  Eq.  (IV.C.21)  is  identical  to  that  obtained  for  the  case  of 
no  image  formation.  At  smaller  scale  sizes,  the  decaying  spectral 
amplitude  may  be  many  tens  of  decibels  higher  than  we  would  expect  if  the 
image  formation  process  is  neglected. 


4 


Conclusions 


We  have  presented  a  model  of  the  temporal  evolution  of  a  decay¬ 
ing  spectrum  of  F-region  irregularities  that  includes  electrical  coupling 
along  magnetic  field  lines  to  a  compressible  E-region  plasma  and  considers 
only  a  "classical"  cross  field  diffusion  process.  The  existence  of  F- 
region  structure  induces  irregularities  in  an  initially  uniform  E  layer  in 
a  scale-size  selective  way.  Because  E-region  images  form  at  the  expense 
of  F  layer  plasma,  the  k  dependence  of  the  F-region  structure  loss  rate  is 
strongly  influenced  by  coupling  to  the  E  layer.  The  density  gradients 
associated  with  image  structure  affect  the  driving  electrostatic  field  and 
parallel  current  that  couple  the  two  layers.  The  net  result  is  that 
images  prolong  the  lifetime  of  F-layer  structure  in  a  scale  size  dependent 
manner. 

We  have  also  shown  that  the  amplitude  of  the  E-region  image 
irregularities  are  related  to  the  driving  F-region  irregularity  in  a 
manner  that  allows  the  image-spectral  amplitude  to  be  a  constant  multiple 
of  the  F-region  spectral  amplitude  for  all  wave  numbers  beyond  a  parti¬ 
cular  value.  This  condition  may  be  routinely  achieved  where  the  E-region 
density  is  low  (i.e.,  in  the  winter  polar  cap,  in  equatorial  spread  F  or 
in  barium  clouds).  In  this  condition,  the  E-  and  F-layer  spectra  decay 
with  a  common  spectral  shape  at  a  rate  determined  by  E-region  chemistry. 
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AIR  FORCE  GEOPHYSICS  LABORATORY 
ATTN:  CA  A  STAIR 
ATTN:  LID  J  RAMUSSEN 
ATTN:  LIS  J  BUCHAU 
ATTN:  LS 

ATTN:  LSH  GARDINER 
ATTN:  LSRO'NIEL 
ATTN  LYDK  CHAMPION 
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DEPT  OF  THE  AIR  FORCE  (CONTINUED) 

AIR  FORCE  WEAPONS  LABORATORY,  AFSC 
ATTN:  NTN 
ATTN:  SUL 


BERKELEY  RSCH  ASSOCIATES,  INC 
ATTN:  C  PRETTIE 
ATTN:  J  WORKMAN 
ATTN:  S BRECHT 


AIR  FORCE  WRIGHT  AERONAUTICAL  LAB/AAAD 
ATTN:  A  JOHNSON 
ATTN:  WHUNT 


CORNELL  UNIVERSITY 

ATTN:  0  FARLEY  JR 
ATTN:  M  KELLY 


ROME  AIR  DEVELOPMENT  CENTER,  AFSC 
ATTN:  OCOS  R  SCHNEIBLE 
ATTN:  TSLD 


EOS  TECHNOLOGIES,  INC 
ATTN:  B GABBARD 
ATTN:  W  LELEVIER 


SPACE  COMMAND 

ATTN:  DC  T  LONG 

DEPARTMENT  OF  ENERGY 

LOS  ALAMOS  NATIONAL  LABORATORY 
ATTN  D  SAPPENFIELD 
ATTN:  D  SIMONS 
ATTN:  J WOLCOTT 
ATTN.  MS  664  J  21 NN 
ATTN:  R  JEFFRIES 
ATTN:  T  KUNKLE,  ESS-5 

SANDIA  NATIONAL  LABORATORIES 
ATTN:  D  DAHLGREN 
ATTN:  D  THORNBROUGH 
ATTN:  ORG  1231  R  C  BACKSTROM 
ATTN:  ORG  1250  W  BROWN 
ATTN:  ORG  4231  T  WRIGHT 
ATTN:  SPACE  PROJECT  DIV 
ATTN:  TECH  LIB  3141 


GENERAL  RESEARCH  CORP 
ATTN:  B  BENNETT 

INSTITUTE  FOR  DEFENSE  ANALYSES 
ATTN:  E BAUER 
ATTN:  H  WOLFHARD 

JAYCOR 

ATTN:  J  SPERLING 

JOHNS  HOPKINS  UNIVERSITY 
ATTN:  CMENG 
ATTN:  J  D  PHILLIPS 
ATTN:  J  NEWLAND 
ATTN:  K  POTOCKI 
ATTN:  R  STOKES  1W250 
ATTN:  T  EVANS 

KAMAN  TEMPO 

ATTN:  B  GAMBILL 
ATTN:  DASIAC 
ATTN:  W  MCNAMARA 


OTHER  GOVERNMENT 

CENTRAL  INTELLIGENCE  AGENCY 
ATTN:  OSWR/NED 

ATTN.  OSWR/SSD  FOR  K  FEUERPFETL 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 


KAMAN  TEMPO 

ATTN.  DASIAC 

M  I  T  LINCOLN  LAB 

ATTN.  D  TOWLE  L  230 
ATTN  I  KUPIEC  L  100 


AEROSPACE  CORP 

ATTN:  D  OLSEN 
ATTN:  E  RODRIGUEZ 
ATTN:  IGARFUNKEL 
ATTN:  J  KLUCK 
ATTN:  J STRAUS 
ATTN:  KSCHO 
ATTN.  R  SLAUGHTER 
ATTN:  T  SALMI 
ATTN:  V  JOSEPHSON 

AUSTIN  RESEARCH  ASSOCIATES 
ATTN:  J  THOMPSON 

AUTOMETRIC,  INC 

ATTN:  C LUCAS 

BDM  CORP 

ATTN:  AVITELLO 
ATTN:  L JACOBS 


M/A  COM  LINKABIT  INC 

ATTN:  H  VAN  TREES 

MAXIM  TECHNOLOGIES,  INC 
ATTN:  J  LEHMAN 
ATTN:  J  MARSHALL 
ATTN:  R  MORGANSTERN 

MISSION  RESEARCH  CORP 
ATTN:  C  LAUER 
ATTN:  D  KNEPP 
ATTN  FFAJEN 
ATTN:  F  GUIGLIANO 
ATTN:  G  MCCARTOR 
ATTN:  RBIGONI 
ATTN.  R  BOG USC H 
ATTN:  R  DANA 
ATTN:  R  HENDRICK 
ATTN:  RKILB 
ATTN:  S  GUTSCHE 
ATTN:  TECH  LIBRARY 
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DEPT  OF  DEFENSE  CONTRACTORS  (CONTINUED) 

PHOTOMETRICS,  INC 

ATTN:  IKOFSKY 

PHYSICAL  DYNAMICS,  INC 
ATTN:  EFREMOUW 

PHYSICAL  RESEARCH,  INC 
ATTN:  RDELIBERIS 
ATTN:  T  STEPHENS 

PHYSICAL  RESEARCH,  INC 
ATTN:  J  DEVORE 
ATTN:  J  THOMPSON 
ATTN:  W  SCHLUETER 

R  &  D  ASSOCIATES 

ATTN:  BMOLLER 
ATTN:  CGREIFINGER 
ATTN:  F  GILMORE 
ATTN:  GSTCYR 
ATTN.  HORY 
ATTN:  M  GANTSWEG 
ATTN:  M  GROVER 
ATTN:  PHAAS 
ATTN:  RTURCO 
ATTN:  WKARZAS 
ATTN:  W  WRIGHT 

R  &  D  ASSOCIATES 

ATTN:  B  YOON 

R  &  D  ASSOCIATES 

ATTN:  GGANONG 


SCIENCE  APPLICATIONS  INTL  CORP 
ATTN:  C  SMITH 
ATTN:  D  HAMLIN 
ATTN:  ESTRAKER 
ATTN:  LLINSON 


SRI  INTERNATIONAL 


ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 

ATTN: 


C  RINO 
D  MCDANIEL 
D  NIELSON 
G  PRICE 
G  SMITH 
J  VICKREY 
N  WALKER 
R  HEELIS 
R  LEADABRAND 
R  LIVINGSTON 
R  ROBINSON 
R  TSUNODA 
T  DABBS 
W  CHESNUT 
W  JAYE 


TOYON  RESEARCH  CORP 

ATTN:  J  GARBARINO 
ATTN:  J  ISE 


UTAH  STATE  UNIVERSITY 
ATTN:  A  STEED 
ATTN: 

ATTN: 

ATTN: 


D  BURT 

K  BAKER,  DIR  ATMOS  &  SPACE  SCI 
L  JENSEN,  ELEC  ENG  DEPT 


VISIDYNE,  INC 

ATTN:  J  CARPENTER 


